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ABSTRACT 
A 20 c m  LM cathode thruster  sys tem (designated LMT-20-11) 
has  been developed for  operation a t  beam currents  I = 0. 5 A to 1. 0 A B 
and a beam voltage V < 2 kV, At the maximum beam level, the total  B - 
source  energy p e r  ion V - 31 5 eV/ion a t  a m a s s  utilization efficiency S - 
'm 
= 8970~ Discharge chamber performance i s  essentially unchanged 
f o r  operation a t  a reduced beam voltage V = 1 kV. The thruster  e m -  
ploys a conventional thin-screen (0, 076 c m  thick), high-transparency 
(7 0%) ion-extraction sys t em and an  LM cathode which i s  thermally inte - 
grated with the thrus ter  body, A m e r c u r y  feed subassembly i s  joined 
to the t h ~ u s t e r  (within a common ground sc reen  shroud) which consists 
of an electromagnetic pump, a liquid mercury  flowmeter, and a high 
voltage isolator,  The pump generates a p res su re  of 0, 6 a t m  with a 
power of 2 W, and the flowmeter shows promise of a measurement  
accuracy  of *10/o. At full rated power, the LM cathode operates a t  a n  
equilibrium temperature T < 2 0 0 ~ ~ .  With an overal l  m a s s  of 6 kg K 
(exclusive of propellant and reservoi r ) ,  the LMT- 20-11 sys tem oper-  
a t e s  wi thanover-a l l  efficiency of q .- 7270 a t  a specific impulse I - T - 
- 
sp, eff 
4, 040 s e c  o r  alternatively with y T  = 60% a t  Isp, eff = 2' 710 sec. Thermal  
analysis indicates that cathode temperature can be reduced significantly 
by implementation of effective heat  shielding on the. inside walls of the 
discharge chamber,  
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SECTION I 
INTRODUCTION 
A e lec t ron-bombardment  t h r u s t e r  s y s t e m  m u s t  demons t r a t e  
efficient and re l iable  operat ing capabil i ty within the  cons t ra in t s  imposed  
by the miss ion .  T h e s e  cons t ra in t s  include the  capabil i ty fo r  e lec t r i -  
ca l ly  isolat ing a n  individual t h r u s t e r  f r o m  the  propel lant  r e s e r v o i r , ,  and 
f o r  in te rp lane ta ry  mi s s ions ,  the  abil i ty t o  throt t le  the  ion beam over  a 
two-to-one c u r r e n t  range while maintaining high over  -a l l  efficiency. 
In previous  exper iments ,  the  liquid m e r c u r y  (LM) cathode t h r u s t e r  
1 h a s  demons t ra ted  the abil i ty t o  sa t is fy  these  r equ i r emen t s  and, t h e r e -  
fo re ,  s e r v e s  as a viable e lement  to  fulfill  fu ture  space  propulsion 
r equ i r emen t s .  
T o  faci l i ta te  deta i led  mi s s ion  ana lys i s  and compara t ive  evalua-  
t ion of the  LM cathode t h r u s t e r  with r e spec t  t o  o ther  t h r u s t e r  types ,  
a comple te  t h r u s t e r  s y s t e m  (including the  subsys t ems  fo r  propellant  
feed,  ion b e a m  neutra l iza t ion and power  conditioning) m u s t  be  built  
and i t s  operating c h a r a c t e r i s t i c s  de te rmined ,  A s  the f i r s t  s t ep  toward 
const ruct ion of such  a sy s t em,  a 20 c m  e lec t ron-bombardment  t h r u s t e r  
s y s t e m  (designated LMT-20-11) h a s  been developed a t  the Hughes 
R e s e a r c h  Labo ra to r i e s  (HRL).  The s y s t e m  includes  a 20 c m  the rma l ly -  
in tegra ted  LM cathode t h r u s t e r  and all of the components n e c e s s a r y  f o r  
m e a s u r e m e n t  and con t ro l  of liquid m e r c u r y  flow t o  the t h ru s t e r .  It i s  
des igned for  operat ion a t  ion beam c u r r e n t s  i n  the  range I = 0 . 5  A B 
t o  1 , O  A with a n  effective speci f ic  impu l se  I z 4 ,000  sec .  
s p ,  eff 
P r i o r  t o  the  c u r r e n t  development,  individual  p r o g r a m s  fo r  
r e s e a r c h  and development of the LM cathode,  t he  t h r u s t e r ,  and va r i ous  
e lements  of the liquid m e r c u r y  feed  s y s t e m  had been  c a r r i e d  out a s  
s epa ra t e ly  funded pro jec t s .  Through coordinated guidance of the 
o v e r - a l l  p rog ram,  these  s epa ra t e  p ro jec t s  have produced the n e c e s s a r y  
dev i ce s  and technology which have now been  employed i n  development  
of the  LMT-20-11 sy s t em.  The  feasibil i ty of LM cathode t h r u s t e r  l i fe  
4 i n  exce s s  of 10 hou r s  w a s  demons t ra ted  a t  Hughes R e s e a r c h  Labo ra -  
t o r i e s  under Contract  NAS 3-6262; a 20 c m  t h r u s t e r  equipped with a 
c i r c u l a r  LM cathode was  success fu l ly  t e s ted  fo r  a n  accumulated 
4 , 0 0 0  hou r s .  No e ros ion  of the  molybdenum cathode s t r u c t u r e  w a s  
evident  following th is  t e s t ,  and t h e r e  was  no  degradat ion of cathode 
pe r fo rmance .  In a n  extension of the  s a m e  l ife t e s t ,  a n  LM cathode 
neu t r a l i z e r  demons t ra ted  a l i fe t ime capabil i ty i n  e x c e s s  of 500 hou r s  . 
Development of high t e m p e r a t u r e  LM cathodes began at HRL under 
Cont rac t  NASW - 1404 a f t e r  it b e c a m e  apparent  f r o m  t h e r m a l  ana lys i s  
tha t  combining t h r u s t e r s  i n  pe r i phe ra l  o r  c l u s t e r ed  a r r a y s  places  a 
cons t ra in t  on the  operat ion of - any e lect ron-bombardment  ion t h r u s t e r  
un less  the  t e m p e r a t u r e  of the t h r u s t e r  she l l  c an  be  allowed t o  exceed 
a value  on the  o r d e r  of 2 0 0 ~ ~ .  
T h e  demons t ra ted  feas ibi l i ty  of s y s t e m  life in  e x c e s s  of 10 4 
h o u r s ,  combined with a demons t r a t ed  capabil i ty fo r  operat ion of a high 
t e m p e r a t u r e  L M  cathode in  a n  efficient t h r u s t e r ,  p r epa red  the  way fo r  
t he  const ruct ion of a 30 c m  the rma l ly  in tegra ted  t h r u s t e r  (designated 
the  LMT-30-1 t h r u s t e r )  under the  f i r s t  phase  of the  c u r r e n t  con t r ac t ,  
Th i s  t h r u s t e r  h a s  now demons t ra ted  efficient pe r fo rmance  a t  a speci f ic  
i r r~pu lse  1 = 4 ,  100 s e c ;  a b e a m  c u r r e n t  I = 1 ,400  mA is p ro -  
sp,  eff B 
duced a t  a b e a m  voltage VB = 2 kV with a sou rce  energy  p e r  ion 
>g 
VS = 270 eV/ion a t  a m a s s  utilization efficiency = 90%. At th i s  
m 
power  level ,  the  the rmal ly  in tegrated LM cathode ach ieves  a n  equilib- 
0 
r i u m  body t e m p e r a t u r e  T K = 200 C ;  i t  r e j e c t s  d i s cha rge  heat  along a 
t ape r ed  a luminum endplate t o  the  outer  t h r u s t e r  shel l ,  f r o m  which the  
hea t  is rad ia ted  t o  the wal l s  of the vacuum c h a m b e r ,  
d, '6% 
VS9 the total  sou rce  energy  p e r  ion,  i s  the  d i s cha rge  energy  p e r  ion,  
because  no h e a t e r ,  vapo r i ze r ,  o r  keeper  power i s  regurred with the  
LM cathode.  
In a related contract effort (Contract NAS 7 - 5 3 9 ) ,  the design of 
l iquid-mercury feed sys tems was explored in detail .  A number of 
unique components were  built s o  that their  operating character is t ics  
could be established and the various systems could be  properly evalu- 
ated. Two of these components, an electromagnetic pump and a high 
voltage isolator ,  were  incorporated into a breadboard flow sys tem 
which was operated under the f i r s t  phase of the cur rent  contract for a 
demonstration of the proper operation of each of the components and 
of the mutual compatibility of a l l  of the components of the system. 
The feed system consisted of (1) a gas-pressurized positive-expulsion 
mercury  reservoi r ,  (2 )  the liquid-mercury high voltage isolator ,  ( 3 )  the 
electromagnetic pump, (4) a single- capillary flow impedance, and 
(5) a high tempera ture  LM cathode which was thermally integrated with 
the LMT-30 -1 thrus ter .  Successful operation of this  thrus ter  with the 
breadboard liquid-mercury feed system led to  the present development 
of the LMT-20-11 thrus ter  sys tem.  

SECTION I1 
SYSTEM CHARACTERISTICS 
A. CONFICURAT ION 
Development of the  LMT-20-11 t h r u s t e r  s y s t e m  es tab l i shes  a 
c r ed ib l e  a l t e rna t ive  t o  the  hollow-cathode e lect ron-bombardment  
t h r u s t e r  s y s t e m s  presen t ly  under considera t ion fo r  va r i ous  space  
appl ica t ions .  I t  h a s  been  designed such  that  in tegra t ion can  read i ly  b e  
accomplished in to  the SEPST 111 (Solar  E l ec t r i c  Propu ls ion  Sys t em 
Technology) s y s t e m  presen t ly  being developed a t  the  J e t  P ropu ls ion  
2 Labo ra to ry  ( J P L )  of the  California Inst i tute of Technology,  In addition 
t o  being mechanical ly  compatible with the  SEPST 111 sy s t em,  with only 
sl ight  modificat ion,  the LM cathode s y s t e m  i s  capable of being e lec -  
t r i c a l l y  in tegra ted  with the power conditioning c i r cu i t r y  used with 
SEPST %%I hollow cathode t h r u s t e r s .  C i r cu i t r y  which i s  pa r t i cu la r  
only t o  the  LM cathode s y s t e m  will  b e  de sc r i bed  as p a r t  of the  LMT-  
20-11 s y s t e m ,  
A s  i l lus t ra ted  in  F ig .  1,  the  LMT-20-11 sy s t em r e q u i r e s  only 
electrical inputs and a supply of liquid m e r c u r y  for  i t s  operat ion.  T h e  
t h r u s t e r  and m e r c u r y  feed subassembly  a r e  cha r ac t e r i s t i c a l l y  enclosed 
within a single g round-sc reen  shroud.  The  m e r c u r y  feed subassembly  
which suppl ies  liquid m e r c u r y  to  the  long-life LM cathode,  cons i s t s  
(In o r d e r  of flow sequence)  of a high voltage i so la to r ,  a n  e lec t romag-  
net ic  (EM) pump, a m e r c u r y  f lowmete r ,  and a s ing le -cap i l l a ry  flow 
impedance .  This  subassembly  faci l i ta tes  p r e c i s e  m e a s u r e m e n t  and 
con t ro l  of the  propellant  flow r a t e  while providing e l ec t r i c a l  i sola t ion 
between the  t h r u s t e r  and the  m e r c u r y  r e s e r v o i r .  The  to ta l  weight of 
the LMT-20-11 s y s t e m ,  including the  t h r u s t e r  and the ion-extract ion 
s y s t e m ,  the m e r c u r y  feed subassembly ,  and the g round - sc r een  shroud  
F i g .  1. I some t r i c  drawing of the 20 c m  L M  cathode t h ru s t e r  sy s t em 
(LMT-20-11). 
i s  approximately  6 kg. The  p r e sen t  work  h a s  not included development 
of a d i s cha rge  ign i te r  o r  LM cathode neu t r a l i z e r ,  although provision 
h a s  been  made  fo r  incorporat ing both of t he se  e lements ;  l abora to ry  v e r -  
3 
s ions  of a high voltage s p a r k  igni ter  and of a n  LM cathode neu t r a l i z e r  4 
have both been demons t ra ted  a t  HRL under e a r l i e r  ef for ts .  
B. SYSTEM CONTROL 
T o  optimally achieve t he  goals of a speci f ic  propulsion mi s s ion ,  
the  e lements  of t he  LMT-20-11 s y s t e m  m u s t  b e  combined with logic and 
con t ro l  c i r cu i t r y  t o  main ta in  efficient operat ion and t o  regula te  and 
control  the  t h ru s t  schedule a s  de te rmined  by mi s s ion  r equ i r emen t s .  
Though no ha rdware  h a s  yet  been  buil t  f o r  automat ic  control  of the  
LMT - 20 -%I sys t em,  a gene ra l  control  s cheme  h a s  been developed. 
A schemat ic  d l a g r a m  is p resen ted  in  Fig .  2 which shows the  manne r  
by which the  e lements  of the  t h r u s t e r  s y s t e m  a r e  operated by the  
power-conditioning and control  c i r cu i t r y .  By  r e l i ance  in  th is  s y s t e m  
on d i r e c t  m e a s u r e m e n t  and control  over  the  m e r c u r y  flow r a t e ,  a s i g -  
nificant advance is  achieved i n  the  d i rec t ion  of s t ab le  and accu ra t e  
con t ro l  over  t h r u s t e r  operat ion,  
T h e  logic of t he  control  s cheme  fo r  the  LM cathode t h r u s t e r  
s y s t e m  can  be s t  b e  explained by picturing the cathode c u r r e n t  a s  e x e r -  
c is ing p r l m a r y  con t ro l  over  ion b e a m  c u r r e n t .  Th is  i s  a sensi t ive  and  
slngle-valued re la t ionship ,  because  the  b e a m  c u r r e n t  I i n c r e a s e s  B 
a lmos t  l inear ly  with d i scharge  c u r r e n t  I at a constant  value of p ro -  K 
pellant  ut i l izat ion efficiency.  By means  of a second control  loop, the 
propel lant  ut i l izat ion efficiency is held  at t he  d e s i r e d  value  by con- 
m 
t r o l  of propel lant  flow r a t e .  The  flow r a t e  which i s  m e a s u r e d  by the 
f lowmeter  1s exp re s sed  a s  a n  equivalent e l e c t r i c a l  c u r r e n t  I which 
H g 
when multiplied by the  requ i red  value  of m a s s  ut i l izat ion efficiency 
( 0  < qrll 1) i s  compared  with the requ i red  b e a m  c u r r e n t  t o  produce a n  
h'EUTRALIIER 
FLOW SET 
F i g .  2 .  Con t ro l  logic fo r  LMT-20-11 t h r u s t e r  s y s t e m .  
e r r o r  signal. If the product I 
~g 'm equals I no e r r o r  signal i s  B 2  
generated to dr ive the EM pump power controller.  Small  differences 
f rom this equality, however, can be used to generate relatively large 
signals to  drive the EM pump so  that a near  equality will always be 
obtained. High feedback gain i s  possible in the flow control loop, 
because this loop i s  absolutely stable by vir tue of the viscous damping 
forces  derived f rom mercury  flow through the single-capillary impedance. 
The control scheme shown in Fig. 2 enjoys an added measure  of 
stability beyond that of the scheme now employed for control of the 
SEPST 11% hollow-cathode th rus t e r  system. In that system, the beam 
cur ren t  I i s  controlled by varying the mercury  flow ra te  through the  B 
main propellant vaporizer .  The desired value of propellant utilization 
efficiency 77 i s  obtained only indirectly by reliance on a functional 
m 
relationship between beam current  1 and cathode discharge current  B 
IK . Unfortunately, the beam-current control relationship i s  not entirely 
single -valued for operation of highly optimized thrus ter  systems (above 
a cer ta in  maximum value, the beam current  i s  reduced by increases  in 
propellant flow ra te) ,  and sys tem control i s  lost  if thrus ter  operation 
occurs  beyond prescr ibed l imits .  Though definite and repeatable 
functional relationships between beam current ,  discharge cur rent ,  and 
propellant utilization efficiency a lso  exist with the LM cathode thrus ter ,  
reliance in the LMT-20-11 system on the d i rec t  measurement  and con- 
t.rol of the liquid mercury  flow ra te  provides sufficient information for 
unambiguous control over a l l  relevant parameters .  
C, SYSTEM EFFICIENCY 
Data obtained from operation of the LMT-20-11 system (see  
Section 1x1 for details of thrus ter  performance and Section %V for pe r -  
formance details concerning the mercury  feed subassembly) provide 
a bas is  for c 0mparatix.e evaluation with other electron bombardment 
th rus ter  types,  The total  efficiency of the over -a l l  thruster  sys tem i s  
evaluated in Table I. for operation at  P = 1. 0 A ;  no separate  tabulation B 
i s  l isted for operation a t  reduced beam current ,  because differences 
in performance a r e  smal l  and the detalls of these differences a r e  not 
fel t  to be significant. The over-al l  efficiency reaches a maxxmum 
value rl - 72% for operation at  the design impulse 1 T - = 4 ,040  sec  sp,  eff - 
and dec reases  to  a value of rl 60% for operation at, a specific impulse T = 
TABLE I 
Efficiency of the LMT-20-11 T h r u s t e r  System 
Beam Current ,  IB 
Source Energy P e r  Ion, VS 
Beam Mass  Utilization Efficiency, qm 1 89% 1 89% 
2 ,7  10 sec  
1 kV 
Effective Specific Impulse, Isp,  eff 
Beam Voltage, VB 
* 
Neutralizer Coupling Voltage, VN-C 1 3 0 V  1 3 0 V  
4,040 s e c  
2 kV 
* 
Neutralizer Mass  flow fraction, qm, 1 3% I 3 70 
Accel ~ n t e r c e ~ t i o n  Current,  IAc 
Thrus te r  Power,  PB = IBVB 
Discharge Power,  PS = IBVS 315.0 W 
Neutralizer Power,  PN = 'IBVN-C 30.0 W 
Accel Electrode Power ,  PAC = IAg (VB-VAc) 24.0 W 
t Isolator Power,  PIS 0.7 W 
t EM Pump Power, PEM 
t Flowmeter Power ,  PF 
** 
Total  System Power ,  PT 
Total  System Power Efficiency, qp, = PB/PT I 84% I 70% 
Total  System Mass  Utilization Efficiency, 
L,T 'm - 'm,N 
Total  Thrus te r  System Efficiency, 
? T = ' ~ P , T '  & , T  
I * No neutra l izer  was  operated with the LMT-20-11 system, but neutralizer losses  have been estimated f rom data obtained in  ea r l i e r  operation of the LMT-30-1 system. 
** This  value has  been determined assuming the use of permanent magnets. During 
experimentation, b a r  electromagnets w e r e  used to  achieve g rea te r  operating 
flexibility. Approximately 16 W was  consumed by these  magnets.  
'power requirements  for the mercury feed subassembly a r e  l isted in  Table Ui of 
Section ID. 

SECTION III: 
PERFORMANCE O F  THE LMT-20-11 SYSTEM 
The LMT -20-11 th rus t e r  (shown in Fig.  3) has  demonstrated 
sat isfactory performance throughout the design range of beam cu r ren t  
f rom 16 - 0 .5  A t o  1 . 0  A when operated together with the m e r c u r y  B - 
feed subassembly.  At the maximum beam level,  s table  operation was 
demonstrated a t  a total source  energy per  ion V - 280 eV/ion with a S - 
m a s s  utilization efficiency q = 80%, and a l so  a t  VS - 315 eV/ion with 
m 
'm 
= 8970- Throughout the design range,  ion beam interception by the 
acce l  e lectrode was  l e s s  than 170 for operation a t  a beam voltage 
V~ = 2 kV. Performance  of the  t h rus t e r  sys t em was essentially 
unchanged for operation a t  beam voltages a s  low a s  V = 1 kV (at  this B 
voltage, the effective specific impulse i s  16 
sp, eff = 2, 710 sec  at 
'm 
= 8970) except for  an increase  in ion beam interception by the acce l  
e lectrode to  a value i n  excess  of 170 for operation below V - 1 . 5  kV. B - 
A maximum interception of 2-  1/270 was observed a t  a beam cur ren t  
I = 1 .0  A and a beam voltage VB = 1 kV. A 
A. DISCHARGE CHAMBER PERFORMANCE 
Discharge chamber  performance for operation of the LMT-20-11 
sys t em i s  shown i n  Fig. 4. F o r  th rus te r  operation with a m a s s  utiliza- 
tion efficiency ' = 807'0, the total  source  energy pe r  ion i s  relatively 
m 
independent of beam cu r ren t  over the design range f rom IB = 0 .5  to 
1,O A. This  uniformity in  operation i s  in terpreted a s  indicating the 
genera l  suitability of the LM cathode th rus t e r  sys t em for throttling of 
the beam cu r ren t  a s  required t o  optimally achieve miss ion  objectives, 
a capability demonstrated in  the  operation of the  nonthermally integrated 
LMT-20-1 th rus t e r  whlch was reported e a r l i e r .  Tt should be noted that  
Fig.  3 .  The LMT-20-11 thrus ter  shown mounted on the vacuum cham- 
ber endplate. 
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Fig .  4. Discharge chamber  per formance  of the LMT- 20-11 system. 
the data of Fig.  4 a r e  only typical of system performance and not 
representat ive of the ultimate performance which might be achieved 
af ter  exhaustive optimization. 
B .  ION-EXTRACTION CHARACTERISTICS 
Two se t s  of conventional ion-extraction electrodes have be en 
tested w ~ t h  the LMT-20-11 system. The accel  electrode of one s e t  has  
a uniform thickness of 0,254 cm,  while that of the second se t  i s  tapered 
to a thickness of 0 .  127 c m  at the outer diameter .  The accel  electrode 
IS  supported by four insulating supports on a bolt c i r c l e  of 24.4 c m .  
The screen  electrode has a thickness of 0.076 c m  and the 0.475 c m  
diameter  ion beam apertures  a r e  oriented in a hexagonal close packed 
a r r a y  with a distance between hole centers  of 0. 535 cm.  Similar per -  
formance i s  demonstrated in operation of the LMT-20-11 system with 
either set ,  though a reduction in m a s s  f rom 610 to  444 g i s  achieved by 
use of the tapered design. The data reported in this paper were  obtained 
for operation with the accel  electrode of uniform thickness. 
Though operation a t  reduced values of specific impulse has  
negligible effect on discharge chamber performance, the increase  of 
ion beam interception by the accel  electrode i s  c lear ly evident f rom 
the data of F ig .  5. While generally l e s s  than 1% of the total beam c u r -  
rent for beam voltages grea ter  than V - l .  6 kV, accel  interception B - 
r i s e s  steeply for lower beam voltages to  a value of about 2-11270 at a 
beam volt.age VB = 1 kV . 
THERMAL CHARACTERISTICS 
The LM cathode dissipates a l l  discharge heat by conduction to 
and radiation f rom the thruster  shell. Over the range of beam current ,  
t empera tures  of the major  thrus ter  elements were  measured.  Equlllb - 
rrum values a r e  shown In Fig.  6 a s  a function of total discharge power. 
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F i g .  6. Equi l ib r ium t e m p e r a t u r e s  of t h r u s t e r  e l e m e n t s  
a s  a  function of d i s c h a r g e  p o w e r .  
Though the temperature of the LM cathode l i e s  within the l imits  for  
efficient operation, the measured values a r e  significantly higher than 
were  anticipated f rom analysis of the thermal  design ( see  Section V ) .  
Whereas cathode tempera ture  reaches a value T K = 185Oc for a d is -  
charge of 280 W, analysis of the LMT-20-11 sys tem had predicted 
operation a t  a tempera ture  of T - 121°c. K - 
The higher value of measured cathode tempera ture  indicates 
that the heat shielding which was employed for operation of the LMT- 
20-11 thrus ter  has  not performed effectively. While the thermal  cha r -  
ac ter i s t ics  of the LMT-20-11 thrus ter  system a r e  entirely satisfactory 
for operation of a single thrus ter ,  effective heat shielding i s  essent ial  
if s eve ra l  identical t h rus t e r s  must  be operated a t  full power simultane- 
ously in closely clustered a r r a y s  with heat rejection solely by radiation 
J, .,* 
f rom the thruster  shell. In order  to  minimize the cathode tempera ture  
in the LMT-20-11 design, the outer sur face  of the thrus ter  body was 
covered with high emissivity ( 6  = 0.85) paint. Eleven heat shields,  
consisting of 606 1 aluminum foil, covered both the inside surface of 
the th rus t e r  endplate and the upstream two-thirds of the anode exten- 
sion, The heat shielding which covers  the anode extension i s  visible 
in the photograph of the LMT-20-11 thruster ,  a s  shown in Fig. 7 .  
The higher value of measured cathode tempera ture  i s  best  
explained by the assumption that the separation between the multiple 
aluminum heat shields had completely collapsed during thrus ter  
operation such that the shields were  entirely ineffective in their  ability 
to reduce heat flow f rom the discharge chamber into the thruster  shell .  
No heat shielding i s  required if heat conduction i s  permitted between 
the thrus ter  and the spacecraft ,  or i f  a separate  radiator i s  provided 
for control of cathode tempera ture ,  o r  ~f the sys tem i s  operated at  
reduced power, 
Fig.  7. The LMT-20-11 thrus ter  showing the heat shielding which 
covers the anode extension. 
By adopting a l t e rna t e  techniques for  ins ta l la t ion of hea t  sh ie lds  In fu tu re  
opera t ion  of the  LMT-  20 -11 s y s t e m ,  detai led t h e r m a l  ana lys i s  h a s  
indicated that  cathode operat ing t e m p e r a t u r e s  wi l l  be  d e c r e a s e d  t o  t h e  
extent  that  s imul taneous  opera t ion  of mult iple t h r u s t e r s  wi l l  b e  poss ible  
i n  c lose ly  c lu s t e r ed  a r r a y s  with hea t  r e jec ted  by radia t ion f r o m  the  
t h r u s t e r  she l l  alone.  
D. MERCURY FEED SUBASSEMBLY 
Operati  on of the  LMT -20 -11 t h r u s t e r  s y s t e m  w a s  facil i tated b y  
the  use  of flight.-type LM cathode K-54 in  conjunction with the  m e r c u r y  
feed subassembly  shown i n  F ig .  8. With i t s  s ing le -cap i l l a ry  flow 
impedance,  LM cathode K-54 operated s tably  fo r  h o u r s  a t  a  t i m e  wath- 
out a r c  extinction. In  con t r a s t  t o  the  operation of e a r l i e r  L M  cathodes  
193 whach used porous  tungsten impedances  t o  regula te  m e r c u r y  flow 
da ta  a c q u i s l t ~ o n  w a s  expedited considerably  by the  l i nea r  and repea tab le  
>$ 
flow c h a r a c t e r i s t i c s  of the  s ing le -cap i l l a ry  flow impedance.  With t h e  
t h r u s t e r  operating a t  a  voltage Y = 2 kV, the m e r c u r y  r e s e r v o i r  w a s  B 
held  a t  ground potential  wrth hlgh voltage isolation provided by a device  
w h ~ c h  in jec t s  hydrogen bubbles in to  an  insulated sec t ion  of the  propel lant  
flow lane t o  in te r rup t  e l e c t r i c a l  continuity through the  liquid m e r c u r y .  5 
Onc e e v e r y  half hour ,  a n  a l l  sol ld-  s t a te  power -conditioning subassembly  
suppl ies  2. 8 m l n  durat ion pu l ses  of 7 W e l ec t r i c a l  power  t o  ac t ivate  t h e  
hydrogen-bubble s n j e c t ~ o n  e lement .  
Both the EM pump and the liquid--mercury f lowmeter  w e r e  i n c o r -  
pora ted  rnto the LMT -20 -19 s y s t e m  though no p a r a m e t r i c  m e a s u r e m e n t s  
-- -- 
>?< 
Data acquls l t lon i s  hampe red  a l s o  by t h e r m a l  feedback f r o m  the 
cathode when a porous  tungsten impedance is placed c lo se  t o  the 
cathode fwhlch I S  the p rac t l ce  In LM cathodes and fo r  the  porous 
tungsten vaporizer of t he rma l ly  ~ n t e g r a t e d  hollow ca thodes ) .  Thls  
feedback es tab l i shes  an rnteract ion between the discharge c u r r e n t  
and the  propellant  flow ra te .  
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F i g .  8. Pho tograph  of the LMT-20-11 mercury  feed subassembly. 
of the operation of these elements were  recorded in conjunction with 
th rus t e r  operation, Detailed performance charac ter i s t ics  were  obtained, 
however, in separate  component t e s t s  which were  ca r r i ed  out pr ior  to  
assembly of the LMT-20-11 system. While the description of these t e s t s  
i s  de fe r red  to Section V ,  a tabulation of the power requirements  for 
each element of the LMT-20-11 mercury  feed subassembly i s  presented 
in the following Table 11. 
TABLE II 
Power Requirements for the LMT-20-11 
Mercury Feed Subassembly 
HV Isolator 
Flowmet e r  
2 ,7 Total 

SECTION IV 
DESIGN O F  T H E  LMT -20 -11 THRUSTER SYSTEM 
The  LMT-20-11 sy s t em w a s  des igned to  ope ra t e  at b e a m  c u r r e n t s  
in  the range  I = 0.  5 A t o  1 . 0  A and t o  d i s s ipa te  all hea t  resul t ing f r o m  B 
d i s cha rge  l o s s e s  by radiat ion.  The  d i s cha rge  chambe r  configuration 
w a s  modified only sl ightly f r o m  that  of the  LMT -20 -I t h r u s t e r  devel-  
oped dur ing  the  e a r l i e r  phase  of th is  con t rac t ,  which was  opera ted  a t  
a lower  b e a m  c u r r e n t  with an  external ly  cooled L M  cathode.  T h e  
t h e r m a l  des ign and the  thin s c r een ,  high t r an spa rency  ion extract ion 
s y s t e m  a r e  s i m i l a r  t o  those  in  use with the  LMT-30-1 t h r u s t e r  developed 
a t  the s a m e  t i m e  a s  the  LMT-20-1 t h r u s t e r ,  
Although the  t h r u s t e r  and i t s  l iquid-mercury feed s y s t e m  a r e  
cha r ac t e r i s t i c a l l y  enclosed within the  s ingle  g round - sc r een  shroud 
shown i n  F ig .  1, provis ion was  m a d e  i n  the  des ign t o  allow the  two 
subsys t ems  to  ope ra t e  a s  s epa ra t e  units .  Th i s  h a s  pe rmi t t ed  the 
s e p a r a t e  development  of the feed s y s t e m  t o  p roceed  s imul taneously  
with the optimization of the  t h ru s t e r  p r i o r  t o  in tegrat ion of the t h r u s t e r  
>k 
sys t em.  A s c r e e n e d  enc losure  extends the a c c e l  e lec t rode  and c o m -  
p le tes  the  enc losure  fo rmed  by the ground s c r e e n .  Although no neu- 
t r a l i z e r  development  w a s  c a r r i e d  out under  th i s  con t rac t ,  provision 
w a s  made  f o r  mounting a n  LM cathode neu t r a l i z e r  over  a shee t  m e t a l  
extension of the  ground s c r e e n  which c o v e r s  one quadrant  of the a c c e l  
extension s c r e e n .  Tab le  111 l i s t s  the m a s s  of each component of the  
:; 
The  LMT-,20-II t h r u s t e r  was  shown i n  F ig .  3 i n  t he  configuration of 
t he  f i r s t  expe r imen t a l  operat ion which w a s  implemented by use  of 
s ing le -cap i l l a ry  fed LM cathode K-51  and a pis ton-dr iven liquid m e r -  
cury  supply,while the m e r c u r y  feed subassembly  w a s  checked out by 
be l l  j a r  test.ing i n  the  configuration shown in  F ig ,  9 .  
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F i g .  9. L M  cathode K - 5 4  and the LMT-20-11 m e r c u r y  feed subassemb-  
l y  mounted for bell jar test ing.  
T A B L E  ILI 
Component Masses of the LMT -20-11 Thruster System 
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Stud  
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1  
1  
I  
1  
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1  
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th rus ter  system. The total m a s s  (including the thruster  and ion- 
extraction system, the liquid-mercury feed system, and the ground- 
screen  shroud) i s  approximately 6 kg. 
A. THRUSTER DESIGN 
1. Discharge Chamber 
Discharge chamber design of the LMT-20 -II thrus ter  depended 
heavily on the configuration of the LMT-20-1 thruster .  During the 
1 initial phase of Contract JPL 952131, this thruster  was optimized for 
operation a t  a beam current  I = 600 mA, At a beam voltage B 
VB = 2 kV, the total source energy per  ion was V = 280 eV/ion at  S 
a m a s s  utilization efficiency rl = 807'0. As an initial task of the c u r -  
m 
rent  effort, the LMT-20-1 thrus ter  was reoptimized for operation at  
beam currents  in the range of 0. 5 A to 1 A, Reoptimization of the 
discharge chamber involved modifications in the geometry of the baffle 
and of the cathode-cup pole piece. 
6 Both a t  HRL and elsewhere,  the tendency has been noted for 
discharge voltage to  decrease  a s  propellant flow through the cathode 
inc reases ,  where the geometrical pa ramete r s  of the discharge chamber 
a r e  held constant. Reduction of discharge voltage can resul t  in deg- 
radation of discharge chamber performance,  With a fixed geometry 
of the openings which connect the cathode-cup region with the main 
discharge chamber,  increased propellant flow through the cathode of 
an L M  cathode thrus ter  resul ts  in increased particle density within 
the cup region a s  well a s  within those openings, s o  that (without ref - 
erence  to a specific mechanism) a degradation of performance has  
resul ted from this density increase .  
A technique for extension of the efficient operation of an L M  
cathode thrus ter  to  a higher value of beam current  has  previously been 
established a t  H R L  in the development of the LMT-30-1 thrus ter .  ' To 
p e r m i t  operat ion of the  30 c m  t h r u s t e r  a t  h igher  values  of b e a m  
c u r r e n t ,  a cathode-cup pole p iece  w a s  used which employed 36 holes  
i n  i t s  cyl indr ical  s ide  wal l ;  t h e se  holes  w e r e  covered  by a 20 w i r e l c m  
s t a in l e s s  s t e e l  s c r e e n .  Select ion of the  s i z e  and number  of these  ho les  
pe rmi t t ed  the  independent ad jus tment  of the  flow conductances (between 
cup  region and ma in  d i scharge  chambe r )  for  e lec t rons  on the  one hand 
and fo r  the  propellant  atorris on the  o the r .  The  e lec t rons  p a s s  p r e -  
dominantly through the  gap between cup  and baffle,  while the  propel lant  
e s c a p e s  predominantly through the  s c r eened  ho les .  With th i s  modif ica-  
t ion,  i t  had been poss ible  to  ad jus t  flow condit ions s o  a s  t o  achieve t h e  
op t imum values  of p lasma densi ty  within the cup and i t s  openings whi le  
operat ing the  t h r u s t e r  i n  t he  r equ i r ed  range  of propellant  flow r a t e  and  
d i s cha rge  c u r r e n t .  
Using the  s a m e  technique,  i t  h a s  been poss ible  t o  achieve effi- 
c ien t  operat ion of the 20 c m  t h r u s t e r  at b e a m  c u r r e n t s  up t o  LB = 1 A. 
The  r equ i r ed  modificat ions w e r e  c a r r i e d  out ini t ial ly in  the  LMT-20 -I  
configuration.  Th i s  t h r u s t e r  w a s  equipped a t  an  e a r l y  s t age  of the  p r o -  
g r a m  with a thin- s c r e e n  h igh- t ranspar  ency ion- ext ract ion s y s t e m  
s i m i l a r  to  the one used with the  LMT-20-11 t h r u s t e r .  Af ter  a p r o g r a m  
of optimization,  the  d i s cha rge  chambe r  configuration found t o  yield 
op t imum per formance  with the  LMT-20-1 t h r u s t e r  was  used a s  a n  
in i t ia l  configuration fo r  the LMT-20-11 t h r u s t e r .  Detai ls  of the  LMT-  
20-11 d i s cha rge  chamber  a r e  shown i n  F i g .  10 i n  the configuration fo r  
which pe r f o rmance  da ta  have been  repor ted .  E lec t rons  and neu t r a l  
m e r c u r y  vapor  a r e  supplied t o  the  t h r u s t e r  d i scharge  by s ingle-  
c ap i l l a ry  LM cathode K-54. Uniform propellant  d is t r ibut ion within 
the  d i s cha rge  chambe r  i s  promoted by 24 s c r eened  propel lant -divers ion 
po r t s  ( each  0 .79  c m  in  d i ame te r )  located i n  the cathode-cup pole p iece .  
The  cup i t se l f  i s  4 .  2 c m  long with a n  outs ide  d i ame te r  of 5 c m  and a 
wa l l  th ickness  of 0 .051  c m .  E l ec t ron  flow into the d i scharge  chambe r  
i s  regula ted by an  e lect ron flow baffle which ha s  a conical  edge.  The  
ax ia l  posit ion of the  baffle was  left  va r i ab l e  in o r d e r  t o  fac i l i ta te  p e r -  
f o rmanc  e optimization.  
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Fig .  10. Schemat ic  c r o s s - s e c t i o n  of the LMT-20-11 d i scharge  c h a m b e r .  
The  anode d i a m e t e r  of the LMT-20-11 t h r u s t e r  i s  20 c m ,  and 
the length of the d i s cha rge  cham be r  f r o m  s c r e e n  to  endplate i s  1 6 . 5  c m .  
The anode i s  segmented in to  two p a r t s :  a  t he rma l ly  conductive a lumi-  
num port ion in the  region c lo se s t  t o  the  s c r e e n  e lec t rode  and a thin,  
nonconductive, s t a i n l e s s  s t e e l  port ion compr i s ing  the  ups t r eam two- 
t h i rd s  of the anode.  
2. T h e r m a l  Design 
The  the rmal ly  conductive por t ion of the  anode is a t tached t o  a n  
ex te rna l  connector  by a s e r i e s  of leadthroughs  consis t ing of sho r t  
a luminum rods  which pa s s  through insulat ing c e r a m i c  s leeves .  T h e s e  
leadthroughs  s e r v e  the dua l  purpose  of connecting the  anode t o  the ex-  
t e rna l  e l e c t r i c a l  c i r cu i t s ,  and conducting to  the  ex t e rna l  connector  t h e  
d i s cha rge  heat  which is de l ive red  t o  the  anode.  T h e  anode heat  (which 
const i tu tes  the m a j o r  f rac t ion of the to ta l  s o u r c e  power)  is d i s s ipa ted  
by radiat ion to space  through the a p e r t u r e s  of the  ion-extract ion s y s t e m  
and f r o m  the ou te r  su r f ace  of the ex t e rna l  anode connector  which is 
covered  with a high-emiss ivi ty  ( 6  = 0 .  85) coating t o  i n c r e a s e  the  
t h e r m a l  radia t ion.  Th i s  coating is applied a s  a wa t e r  solution of a 
m ix tu r e  of po tass ium s i l i ca te  and t i tanium dioxide in  a d r y  weight 
r a t i o  of one t o  four .  
Discharge  hea t ,  which i s  genera ted  a t  the cathode,  p a s s e s  
f r o m  the molybdenum body of the  LM cathode d i r ec t l y  into the a lumi-  
num enplate of the t h r u s t e r .  This  endplate is t ape r ed  in  o r d e r  to  
achieve low weight while maintaining high t h e r m a l  cond-uctivity t o  
the  cyl indr ical  t h r u s t e r  she l l  with i s  a l s o  cove red  with the high- 
emi s s iv i t y  coating. 
Downs t ream of th i s  posit ion,  the t h r u s t e r  she l l  cons i s t s  of a 
thin band of s t a i n l e s s  s t e e l  which reduces  conductive coupling between 
the cathode and anode t he rma l  c i r cu i t s .  In a n  a t t empt  to fu r the r  de-  
couple the two t h e r m a l  c i r cu i t s ,  heat  shielding (consis t ing of 11 
l a y e r s  of 6061  a luminum foil) was  placed over  the downs t ream su r f ace  
of the d i scharge  chamber  endplate and over  the  ups t r eam two- th i rds  
of the  inner  su r f ace  of the  anode,  
The  th ickness  of the  a luminum s t ruc tu r e  w a s  chosen a s  a 
compromise  between the  opposing r equ i r emen t s  fo r  good t h e r m a l  con-  
duction between the  cathode and l a t e r a l  t h r u s t e r  wa l l  and fo r  l ight  
weight .  As  i n  the  LM-30-1 t h r u s t e r ,  the  cy l indr ica l  wa l l  i s  f abr ica ted  
t o  a th ickness  of 0.150 c m .  The  a luminum endplate i s  0 ,  150 c m  thick 
w h e r e  it joins with the cy l indr ica l  a luminum wal l ,  and i n c r e a s e s  i n  
th ickness  inverse ly  with the  rad ius  up t o  the  point of a t tachment  of 
the  L M  cathode,  
Aluminum was  chosen  a s  the  m a j o r  s t r u c t u r a l  m a t e r i a l  because  
of i t s  combined p rope r t i e s  of light weight and high t h e r m a l  conductivity, 
which together  have r e su l t ed  i n  the  des ign of a lightweight t he rma l ly  
in tegra ted  t h r u s t e r .  Initially the  decis ion w a s  m a d e  t o  employ a lumi -  
num for  fabr ica t ion of the  LMT - 30 -I t h r u s t e r ,  with the  understanding 
tha t  under c e r t a i n  conditions i n  a i r  m e r c u r y  i s  known to  a t t ack  a lumi -  
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num in  a highly des t ruc t ive  m a n n e r .  The  l i t e r a tu r e  ind ica tes ,  how- 
e v e r ,  that  a l loys  of a luminum with low s i l icon content  have shown good 
r e s i s t ance  t o  such a t tack,  Exper ience  a t  HRL led  t o  the  choice  of low 
s i l icon content 6061 a luminum alloy a s  the m a j o r  s t r u c t u r a l  m a t e r i a l  
fo r  t h r u s t e r  fabr ica t ion.  To  date ,  no m e r c u r y  a t t ack  h a s  been  observed  
i n  the  LMT-30-1 o r  the  LMT-20-11 t h r u s t e r s .  
3 .  Ion-Extract ion Sys t em 
Design of the  LMT -20 -I% ion-extract ion s y s t e m  w a s  ba sed  
p r i m a r i l y  on the  s a m e  c r i t e r i a  which de te rmined  t he  des ign  of the  
1 LMT-30-1 s y s t e m ,  which h a s  pe r fo rmed  sa t i s fac to r i ly  throughout 
i t s  200 hou r s  of accumulated operation.  The hole pa t t e rn  w a s  modif ied  
only sl ightly f r o m  that  of t he  30 c m  s y s t e m  and i s  now ident ica l  with 
2 
t h a t  used by Masek  and Pawlik  a t  J P L  , The  plate th ickness ,  hole 
pa t t e rn ,  and shape of the  ion-extract ion a p e r t u r e s  a r e  de sc r i bed  in  
Table  PV. 
TABLE IV 
Design Specifications fo r  the LMT-20-11 Ion-Extraction System 
Two se ts  of ion-extraction electrodes have been fabricated. 
The acce l  electrode of one set  has  a uniform thickness of 0.254 cm,  
while that of the second set i s  tapered to  a thickness of 0. 127 c m  a t  
the outer d iameter .  The accel  electrode i s  supported by four insulating 
supports on a bolt c i rcle  of 24.4 c m ,  which i s  compatible with that 
used a t  J P L .  
4. Magnetic Field Configuration 
The thrus ter  magnetic field i s  generated by eight electromag- 
nets spaced uniformly around the exter ior  of the discharge chamber.  
This number of electromagnets was chosen a s  being few enough to 
provide sufficient space for mounting of other thrus ter  components 
and yet numerous enough to generate a magnetic field of uniform 
azimuth within the discharge chamber.  The screen  pole piece for 
the LMT-20-11 thrus ter  i s  scaled f rom the design of the NASA SERT-11 
th rus t e r .  The magnetic endplate consists of two thin i ron sheets  
ra ther  than a single i ron sheet of the minimum required thickness to 
link the magnetic flux. These sheets act  a s  additional heat shields to  
further reduce the radiant coupling between the anode and cathode 
thermal  circui ts ,  
B. LM CATHODE K-54 
Lightweight annular LM cathode K- 54 was fabricated especially 
for  use with the LMT-20-11 system, This LM cathode i s  shown sche-  
matically in Fig.  11. It was designed specifically to  take full advantage 
of operation with a single-capillary feed sys tem and i s  attached to  the 
removable portion of the aluminum backplate of the LMT-20-11 sys tem 
by studs which protrude f rom the back of the cathode. Only molyb- 
denum surfaces a r e  exposed to  the discharge. Holes a r e  provided 
through the cathode body to provide clearance for  a discharge igniter 
electrode. The design of LM cathode K-54 differs f rom that of most  
previous high tempera ture  LM cathodes in that the annular pool- keeping 
s t ruc ture  i s  formed f rom cylindrical ra ther  than conical elements.  
While the performance of LM cathode K-54 was entirely satisfactory 
in operation of the LMT-20-11 system, there  a r e  indications that the 
specific thermal  loading V K, th  of this cathode was significantly higher 
than has been measured  ear l ie r  with cathodes having the conically 
J, 1- 
shaped pool-keeping s t ructure . The conical configuration i s  best  
exemplified by the design of the LM cathode K-25-V which was descr ibed 
1 
and tested extensively during the f i r s t  phase of this  contract.  
Because LM cathode K-54 was not available for testing outside 
of the LMT-20-11 system, an alternate LM cathode K-51 (which employs 
an identical pool-keeping s t ructure)  was tested in i t s  stead. Figure 12 
i s  a photograph showing LM cathode K-5 1 mounted for testing in  a 
diode discharge. A gas cooled metal  heat sink i s  attached to the outer 
edge of the removable section of the th rus t e r ' s  aluminum backplate a s  
a substitute for the heat sink normally provided by the thrus ter  i tself .  
:g 
VK,  th i s  defined a s  the ratio: ( thermal  power P K ~  th received by the 
LM cathode f rom the discharge)  / (electron cur rent  IK delivered by 
the LM cathode to the discharge) o r  V K  s th = PK, th/Ik(: 
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Fig .  12. LM cathode K-5 1 mounted for test ing i n  a  diode d i scharge .  
The specific thermal  loading of LM cathode K-51 was measured  a s  a 
function of the cathode body temperature T As shown in Fig.  13, K ' 
the specific thermal  loading a t  1 5 5 ~ ~  i s  equal to 4 W/A, but r i s e s  
steeply for operation at  tempera tures  aboveT - 2 0 0 ~ ~ .  It i s  c lear  K - 
that a wider latitude i s  available for efficient operation with LM 
cathode K-25 - V ,  With a design incorporating the pool-keeping s t ruc - 
t u re  of LM cathode K-25-V into the outer body of K-54, a cathode 
embracing the best  charac ter i s t ics  of both can be developed. 
C. MERCURY FEED SUBASSEMBLY 
To supply propellant to the LMT-20-11 th rus t e r ,  a prototype 
liquid-mercury feed sys tem has  been designed with emphasis on s im-  
ple, reliable operation. As shown in  Fig. 14, the sys tem contains 
a l l  elements necessary  to provide mercury  propellant for the thrus ter  
in a measured and controllable manner.  In order  of flow sequence, 
the liquid-mercury feed sys tem includes a mercury  shutoff valve, a 
hydrogen-bubble high voltage isolator ,  an EM pump, a mercury  
flowmeter, and a single-capillary impedance to  regulate the mercury  
flow to LM cathode K-54. 
The feed sys tem i s  supplied with mercury  by the gas p r e s s u r -  
ized mercury  reservoi r  shown in Fig. 15, P res su r i zed  nitrogen i s  
applied above a piston pressing on the mercury  surface to se rve  a s  
the driving force.  The piston position i s  indicated by a dial  indicator 
(calibrated to 0.00 1 in. o r  0.000 1 in ,)  which contacts the top of the 
piston shaft. I ts  displacement a s  a function of t ime se rves  a s  an indi- 
cation of mercury  consumption and yields an accura te  measure  of the 
flowrate which supplements the instantaneous value obtained f rom the 
flowmeter.  The shutoff valve permits  handling of the thrus ter  sys tem 
outside the vacuum environment with no loss  of mercury  or  atmospheric 
contamination of the s tored mercury .  The high voltage isolator permits  
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Fig .  13. Specific t he rma l  loading as a function of t h e  body t e m p e r -  
a tu r e  of LM cathode K - 5 1  a s  compared  with that  of L M  
cathode K - 2 5 - V .  
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F i g .  14. S c h e m a t i c  d r a w i n g  of t h e  LMT-20-11 m e r c u r y  feed s u b a s s e m b l y .  

operat ion of the  t h r u s t e r  a t  a potential which i s  d i f ferent  f r o m  that  of 
the  propellant  s t o r a g e  r e s e r v o i r ,  M e r c u r y  p r e s s u r e  c an  be  regula ted,  
a s  needed t o  con t ro l  the  m e r c u r y  f lowrate ,  by m e a n s  of an  e l ec t ro -  
magnet ic  pump; the  s ingle-capi l lary  flow impedance es tab l i shes  a 
m e r c u r y  f lowrate  which is l inear ly  re la ted  t o  the  applied p r e s s u r e ,  
The  c h a r a c t e r i s t i c s  of the  s ing le -cap i l l a ry  flow impedance a r e  suffi- 
ciently l i nea r  and  repeatable  t o  pe rmi t  its u se  fo r  both flow control  
1 
and flow m e a s u r e m e n t ,  A d i f fe ren t ia l  p r e s s u r e  s e n s o r ,  which 
m e a s u r e s  the  p r e s s u r e  d rop  a c r o s s  a ca l ib ra ted  segment  of the  s ingle-  
cap i l l a ry  flow impedance,  provides  a n  ins tantaneous  e l ec t r i c a l  readout  
of the  m e r c u r y  f lowrate .  Th i s  e l e c t r i c a l  readout ,  combined with t he  
capabil i ty f o r  e lec t r i ca l ly  actuated p r e s s u r e  regulat ion,  p e r m i t s  r e ady  
implementat ion of automat ic  flow cont r 01. 
1. E lec t romagne t ic  P u m p  
M e r c u r y  f lowrate  i s  regula ted with a n  e lec t romagne t ic  (EM) 
pump which i s  capable  of producing a p r e s s u r e  di f ference of ' 0 .6  a t m  
when d r i ven  a t  *20 A. The e l ec t r i c a l  power consumption of the  pump 
h a s  been  m e a s u r e d  t o  be  l e s s  than  2W. T h e  ove r - a l l  d imensions  of 
the  pump a r e  5 c m  x 5 c m  x 3 . 5  c m  and i t s  weight  i s  30 1 g o  The  pump 
h a s  been  opera ted  sa t i s fac to r i ly  for  800 hou r s  with a to ta l  of 2,4 x 10 6 
A-hour s of m e r c u r y  flow equivalent c i rcu la ted  through i t .  
T h e  EM pump uti l izes O-ring s e a l s  between a nylon pump body 
and t he  c u r r e n t  c a r ry ing  e lec t rodes ,  the  magnet ic  pole p ieces ,  and t he  
m e r c u r y  feed channels  ( s e e  Fig .  16) .  Nylon with 20% g l a s s  re inforc ing 
w a s  employed because  of its high s t reng th ,  high s e r v i c e  t e m p e r a t u r e ,  
and low coefficient  of t he rma l  expansion, which m a k e s  i t  compatible 
with the t h r u s t e r  operating environment.  Operat ion of the  pump i s  
s i m i l a r  t o  that  of the des ign developed under Contract  NAS 7 -539 
(Ref ,  5 ) ,  except  that  p rob lems  of leakage have now been el iminated.  
O - R I N G  S E A L  
ELECTRODE 
N Y L O N  BODY- 
I I 
F i g -  l o .  E l e c t r o m a g n e t i c  p u n ~ p .  
A magnet ic  f ield of 7 kG is concentra ted in to  a n a r r o w  pumping 
region which i s  0 .025  c m  wide and 1 .27  c m  on each s ide .  Nar row 
channels  a r e  cut  in to  the  nylon pump body between the  pumping region 
and the m e r c u r y  feed l ine  i n  o r d e r  t o  d i scourage  eddy c u r r e n t s  in  the  
m e r c u r y  flow. T h e  pole p ieces  have been coated with a thin l ayer  of 
Te'flon 10.. 003 c m  thick)  which is sprayed  and baked onto the  su r f ace  
t o  provide e l ec t r i c a l  insula t ion f r o m  the  m e r c u r y .  
T h e  e lec t rodes  which contact  the  liquid m e r c u r y  a r e  slot ted 
t o  i n c r e a s e  t he i r  s u r f a c e  a r e a .  The e lec t rodes  opera ted  under Contract  
NAS 7-539 w e r e  plated with plat inum s o  that  they  would b e  wetted by 
the m e r c u r y .  Both f ea tu r e s  w e r e  incorpora ted  i n  that  effort  t o  reduce  
t h e  e l e c t r i c a l  r e s i s t ance  of the  contact  su r f ace  between the  m e r c u r y  
and the  e lec t rode  su r f ace .  T h e  platinum plated e lec t rodes  pe r fo rmed  
sa t i s fac to r i ly  throughout the  test ing of the prototype device  under Con- 
t r a c t  NAS 7-539. After  one y e a r  of s t o r age  and in te rmi t t en t  use ,  
th i s  pump was  d i s a s semb led  fo r  inspection under the  first phase  of 
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the  c u r r e n t  con t rac t ,  Although no degradat ion i n  pe r fo rmance  was  
observed  e i the r  be fo r e  o r  a f t e r  that  t i m e ,  some  pitting of the  plat inum 
plated su r f ace  w a s  noted. Thus  t h e r e  was  s o m e  apprehension concern-  
ing the long t e r m  integr i ty  of a plat inum su r f ace  under poss ible  a t t ack  
by m e r c u r y .  T h e  e lec t rodes  used i n  the  c u r r e n t  pump des ign  a r e  
fabr ica ted of molybdenum, a m a t e r i a l  which s imul taneously  provides  
low contact  r e s i s t ance  and offers  total  a s s u r a n c e  of long life operat ion.  
T h e  low contact r e s i s t ance  of molybdenum e l ec t rodes  i s  r e la ted  t o  the  
supe r io r  mercury-wet t ing  cha rac t e r i s t i c s  of the  molybdenum su r f ace .  
T h e  voltage d rop  a c r o s s  the pump is reduced t o  the  value  imposed by 
the  r e s i s t ance  of the  m e r c u r y  alone when molybdenum e lec t rodes  a r e  
used.  
In a p r e l im ina ry  l i f e - t es t ,  the  EM pump with molybdenum 
e lec t rodes  was  subjected t o  800 hours  of operat ion a t  20 A e l ec t r i c a l  
c u r r e n t  while c i rcula t ing m e r c u r y  through i t  in  a vacuum environment ,  
With the  m e r c u r y  floiv s e t  a t  a n  e q u i \  a l e n t  r a t e  of a p p r o s l l n d t e l y  3000 A ,  
b 
a  t o t a l  of 2 x 10 A-hour  of m e r c u r y  flo\v equi \ -a len t  \vas  c i r c u l a t e d  
th rough  the  p u m p  d u r i n g  the  t e s t .  Dur ing  the  f i r s t  450 ,  000 A - h o u r s ,  
t h e  vol tage  a c r o s s  t h e  p u m p  r e m a i n e d  a t  a n l ln i rn~u l l  \ -a lue .  D u r i n g  
the  next  1 ,  000 ,  000 A - h o u r s ,  h o w e v e r ,  t he  \ .oltage r o s e  s lowly ,  
l eve l ing  off f i na l ly  a t  a va lue  of s l i gh t ly  l e s s  t han  0. 5 V. A f t e r  
r e a c h l n g  t h i s  m a x i m u m  va lue ,  t h e  vo l t age  d r o p  a c r o s s  the  p u m p  began  
t o  d e c r e a s e  s lowly  th roughou t  t he  d u r a t i o n  of the  t e s t .  When t h e  t e s t  
w a s  t e r m i n a t e d ,  t h e  vol tage  d r o p  h a d  d e c r e a s e d  t o  0 .  3 5  V .  
Accompany ing  t h e  vo l t age  f l i i c tua t ions ,  s m a l l  bubb le s  of g d s  
a p p e a r e d  on t h e  s u r f a c e  of t h e  g l a s s  tube  mhich f o r m e d  t h c  m c r c u r y  
flow c i r c u i t .  S i n c e  t h e  e n t i r e  f low s y s t e m  w ~ i s  e n c l o s e d  wi th in  a  
v a c u u m  e n v i r o n m e n t .  i t  w a s  p r e s u m e d  tha t  t h e  s o u r c e  of t h e  g a s  w a s  
f r o m  a t m o s p h e r i c  e l e m e n t s  d i s s o l v e d  wi th in  t h e  l iqu id  mercury i t s e l f .  
E v e n  though t h e  m e r c u r y  had  b e e n  t r i p l y  d i s t i l l e d  i1ndc.r v a c u u m  p r i o r  
t o  p u r c h a s e ,  su f f i c i en t  t i m e  had  e l a p s e d  f o r  ; i t m o s p h e r i c  g a s e s  t o  br. 
a b s o r b e d  by t h e  m e r c u r y  d u r i n g  s t o r a g e .  
A s e c o n d  l i fe - tes t  i nd ica t ed  t h a t  g a s  bubb le s  d i s s o l v e d  wi th in  
t h e  m e r c u r y  w e r e  in  f ac t  t h e  p r i m a r y  c a u s e  f o r  t h e  i n c r e a s e  i n  i n t e r n a l  
r e s i s t a n c e  of t h e  E M  p u m p  which  w a s  o b s e r v e d  d u r i n g  t h e  f i r s t  l i f c - t e s t .  
T h e  s a m e  p u m p  used  d u r i n g  t h e  f i r s t  800 h o u r  l i f e - t e s t  w a s  d i s a s s e m -  
b l e d  and  t h e  e l e c t r o d e s  w e r e  c l e a n e d  a n d  r e p l a c e d .  'The g l a s s  tubt l la-  
t i on  f o r m i n g  t h e  m e r c u r y  flow c i r c u i t  w a s  modi f ied  s o  tha t  l iqu id  
m e r c u r y  could  b e  d i s t i l l e d  and  condt ,nsed  i n t o  t h e  flow s y s t e m  i n  a  
- 5 
v a c u u m  e n v i r o n m e n t  of 10 T o r r .  T h e  p u m p  w a s  subsc!quently 
6 
o p e r a t e d  f o r  800 h o u r s ,  wi th  a  t o t a l  of 2 . 4  s 10 A - h o u r s  of m e r c u r y  
flow equiva len t  c i r c u l a t e d  t h r o u g h  the. p u m p ,  a s  i n  t h e  p r e v i o u s  t e s t .  
D u r i n g  t h e  e n t i r e  t e s t ,  the  vo l t age  d r o p  a c r o s s  t he  p u m p  i n c r e a s e d  
only s l igh t ly  f r o m  0 .  076 V t o  0 .  097 V ;it ;tn c . lectr ica1 c u r r e n t  flow 
of 20  A .  
2, Mercu rv  F lowmeter  
During the first phase  of th i s  con t rac t ,  m e r c u r y  f lowrate  
through a s ing le -cap i l l a ry  flow impedance w a s  shown to  b e  a l i nea r  
function of the p r e s s u r e  d rop  a c r o s s  i t s  length.  T h i s  c h a r a c t e r i s t i c  
w a s  exploited under the p r e sen t  effort  by the  development of a m e r c u r y  
f lowmeter  which ut i l izes  a d i f ferent ia l  p r e s s u r e  t r a n s d u c e r  t o  m e a s u r e  
the  p r e s s u r e  d r o p  a c r o s s  a ca l ib ra ted  sect ion of the  cap i l l a ry  flow 
impedance.  F o r  in i t ia l  tes t ing,  a Winsco Model PB4 15 di f ferent ia l  
4, -8. 
p r e s s u r e  t r an sduce r  w a s  used which yie lds  a 25 mV signal  output 
f o r  a n  applied p r e s s u r e  di f ference of 10 ps i .  The  t r an sduce r  output 
is l i nea r  and repea tab le  t o  within 1% of ful l  s ca l e .  Th i s  t r an sduce r  
w a s  used  t o  m e a s u r e  the  p r e s s u r e  d rop  a c r o s s  a s ing le -cap i l l a ry  flow 
impedance ,  des ignated SC-5,  consis t ing of a 915 c m  length of 0 .0178  c m  
i. d . ,  Type 304 s t a i n l e s s  s t e e l  tubing. Impedance SC-5 w a s  a t tached 
t o  the  ups t r eam end of s ing le -cap i l l a ry  flow impedance SC-3  (1 ,060  c m  
length of 0. 0 14 c m  i ,  d .  , Type 304 s t a i n l e s s  s t e e l  tubing) t o  s imula te  
the  flow impedance leading to  a n  LM cathode.  
The  f lowmeter  was  ca l ib ra ted  by cor re la t ing  the  e l e c t r i c a l  out- 
put s igna l  of the p r e s s u r e  t r an sduce r  with the  m e r c u r y  f lowrate,which 
w a s  de te rmined  by the r a t e  of d isplacement  of the piston of t he  g a s  
p r e s s u r i z e d  m e r c u r y  r e s e r v o i r ,  Data points w e r e  acqu i red  a t  a r a t e  
of only one o r  two per  day t o  i n s u r e  that  each value  of the m e r c u r y  
f lowrate  would be  de te rmined  t o  the s a m e  high accu racy  anticipated 
f r o m  th i s  ins t rument .  T h e  in i t ia l  f i r s t  ten  da ta  points conf i rmed  the 
high expectat ions held f o r  the f lowmeter ,  exhibiting a l i nea r  output 
c h a r a c t e r i s t i c  with a s ignal  ampl i tude of 24 mV pe r  a m p e r e  equivalent  
>;: 
T h i s  w a s  rep laced  by a lightweight Whittaker Model P109D p r e s s u r e  
t r a n s d u c e r  i n  the  f inal  LMT-20-11 package t o  reduce sy s t em m a s s .  
of mercury  flow within a standard deviation of &1% over the range 
f rom 0,  2 A to 1. 2 A. The f i r s t  ten data points a r e  indicated a s  solid 
c i rc les  in Fig.  17. The next seven data points, indicated a s  open 
c i r c l e s ,  showed a marked increase  in sca t te r  a s  the calibration c h a r -  
acter is t ic  underwent a change to a new value which i s  descr ibed by 
the next 16 aa ta  points, indicated by solid t r iangles .  The new ca l ibra-  
tion character is t ic  was a l so  l inear with an output signal of 24 mV/A 
equivalent with a standard deviation of slightly grea ter  than f 170, but 
it now exhibited a different intercept of t ransducer  output for z e r o  
flowrate; whereas initially the p res su re  drop a c r o s s  capillary SC-5 
approached a value 1. 7 psi for z e r o  flowrate, the value of the intercept  
shifted in t ime to a value of 2 , 5  psi ,  The reason for this shift in in t e r -  
cept and, in fact, for the existence of a nonzero intercept in the f i r s t  
place i s  discussed in the appendix of Ref. 8 ,  The existence of a non- 
ze ro  intercept i s  believed to  indicate the presence of minute gas bubbles 
which a r e  lodged within the liquid-mercury feed system, If these gas 
bubbles were  not present ,  the p res su re  drop ac ross  capillary SC-5 
would approach z e r o  for zero  flowrate, and no fluctuati,ons could occur.  
In order  to eliminate t ime variations in the flowmeter ca l ibra-  
t,ion for future testing, an apparatus to disti l l  mercury  under vacuum 
was constructed. With this unit (which was employed in preparation 
for demonstration of the LMT - 20 -I1 sys tem) ,  the mercury  disti l late 
i s  collected direct ly  wi,thin the feed- sys tem reservoi r  where i t  is kept 
f rom contact with atmosphere up to the t ime that i t  i s  consumed i n  the 
thrus ter  discharge. 
3 .  Hydrogen-Bubble High Voltage - - Isolator 
The LMT-20-11 thrus ter  i s  isolated from the mercury  s torage 
r e se rvo i r  by the use of a hydrogen-bubble hlgh voltage (HV) isolator ,  
En thls devzce, a smal l  hydrogen bubble I S  Introduced into the mercury  
flow s t r e a m  wlthln an Insulated tube, P r e v ~ o u s  efforts w ~ t h  a
MERCURY FLOWRATE , IHg, A 
F i g .  1 7 .  Mercu ry  f lowmeter  ca l ib ra t ion  c h a r a c t e r -  
i s t i c s .  
hydrogen-bubble isolator  utilized a Tefloninsulating tube. l '  With 
this design, the bubble was observed to  decrease  in length a s  i t  passed 
through the insulated section of the tube. An initial requirement for a 
new isolator design was to determine the cause of hydrogen loss .  
Experiments were  conducted which demonstrated that 10s s of 
hydrogen gas was due to diffusion through the walls of the teflon tubing 
8 
rather  than by absorption into the mercury ,  En the same  experiments,  
the rate  of diffusion through walls of either g lass  o r  alumina tubing was 
found to be entirely acceptable, On this bas is ,  an experimental model 
of the HV isolator was constructed with an  insulating tube made of g l a s s .  
The experimental assembly,  shown in Fig.  18, incorporates  fittings 
which permit interchange of alternative insulating tube sections and 
utilized a commercially available high p res su re  reservoi r  for hydrogen 
s torage.  
Satisfactory performance was demonstrated by operation of the 
experimental model of the HV isolator.  This isolator  employed a n  
i ron  diffuser element to regulate the flow of hydrogen gas which enters  
the mercury  flow s t r e a m  a s  i t  passes  through a section of flow line,  
To initiate operation of the isolator assembly for the f i r s t  t ime,  the 
temperature of the diffuser element was adjusted to  a value a t  which 
the hydrogen bubbles were  injected into the mercury  s t r e a m  with a 
length of 1 cm.  After 20 hours  of operation (overnight), the bubble 
length had increased to  approximately 10 c m  a s  a resul t  of increased 
hydrogen flowrate caused by conditioning o r  flushing of the diffuser 
element. Following this inltial s tar tup t ransient ,  the tempera ture  of 
the diffuser element was lowered to a level a t  which bubbles of 1 c m  
length were  again produced. After 80 hours  of subsequent operation, 
with no further adjustments in the diffuser tempera ture ,  operating 
charac ter i s t ics  of the HV lsolator  were  investigated a s  a functlon of 
the temperature of the diffuser element and the mercury  flowrate, 
F i g .  18. Experimental mode l  of the  high voltage isolator assembly. 
T h e  HV i so la to r  w a s  opera ted  f i r s t  a t  a b-ubble production r a t e  
of 4 bubbles /hour .  At a m e r c u r y  f lowrate  equivalent  I = 0 . 6  A, a 
H g 
standby power level  of 1 . 5  W combined with 2 m i n  power pu l ses  e a c h  
q u a r t e r  hour  of 4 .  8 W w a s  sufficient t o  in ject  hydrogen bubbles which 
a r e  1 c m  long ( s e e  F ig .  19).  T h e  t e m p e r a t u r e  of the  di f fuser  e lement  
va r i ed  between 315' and 3 9 0 ~ ~  under the  conditions of the  t e s t ,  which 
w a s  conducted with a n  ambien t  background t e m p e r a t u r e  of 30°c .  At a 
m e r c u r y  f lowrate  equivalent I = 1.25 A, equivalent pe r fo rmance  was  
H g 
achieved by ra i s ing  the  standby power l eve l  t o  a value of 2 . 2  W, whi le  
,.Pa -I- 
leaving the  2 m i n  power pu l ses  a t  a level  of 4 , 8  W ,  At th i s  i n c r e a s e d  
power level ,  the  t e m p e r a t u r e  of the  diffuser e lement  va r i ed  between 
350° and 3 9 5 O ~ .  
In a second mode  of operation,  the  production r a t e  was  reduced  
t o  2 bubbles /hour  and no standby power was  employed. T h e s e  s imp l i -  
f icat ions w e r e  made  poss ib le  by taking advantage of the  long t h e r m a l  
r e sponse  t i m e  of the  di f fuser  a s s emb ly .  To  produce hydrogen bubbles 
which a r e  1 c m  long, 2 m i n  pu l ses  of 5 , 5  W and 7,O W w e r e  r equ i r ed  
fo r  m e r c u r y  f lowrate  equivalents I = 0 - 6  A and 1. 25 A, respec t ive ly .  
H g 
The  requ i red  power levels  resu l t ed  in  a t e m p e r a t u r e  va r ia t ion  of the  
0 d i f fuse r  e lement  of f r o m  150 to  2 9 5 O ~  a t  E = 0 . 6  A, and f r o m  160° 
Hg 
to  3 2 0 ~ ~  a t  I = 1. 25 A under the  t e s t  conditions. 
H g 
>% 
T h e  r equ i r ed  i n c r e a s e  i n  standby power with i nc r ea sed  f lowrate  w a s  
n e c e s s a r y  wath t he  exper imenta l  se tup  only, and is not requ i red  i n  
operat ion of the  complete  LMT-20-11 m e r c u r y  flow s y s t e m .  Th i s  
i n c r e a s e  compensa tes  fo r  the g r e a t e r  dr iv ing p r e s s u r e  a t  the  i so l a to r  
locatlon whlch i s  a ssoc ia ted  with i nc r ea sed  f lowrate which o therwise  
tends  t o  reduce the  bubble length,  In the LMT-20-11 sy s t em,  p r e s -  
s u r e  w a r l a t ~ o n s  a r e  Induced by m e a n s  of the electromagnetic pump 
located downs t ream of the HV  sola at or, 
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F i g .  19. P o w e r  l e i - e l s  r e q u i r e d  f o r  p r o d u c -  
t i on  of 1 c m  long hydrogen  bubble .  
The HV isolator was operated continuously for 350 hours  while 
i ts  operating charac ter i s t ics  were  determined. An additional 200 hours  
of running t ime has been accumulated in  the second mode of operation 
(which requires  no standby power) with high voltage (2 kV) applied. 
The effectiveness of the isolation was monitored with a s t r ip-char t  
r eco rde r ,  and no short  c i rcui ts  were  observed during this t ime,  
The experimental isolator  was turned off severa l  t imes in order  
to  observe the transient operating charac ter i s t ics  during startup. When 
the isolator i s  s tar ted (in the mode requiring no standby power),  the 
diffuser element approaches i t s  maximum operating temperature af ter  
the f i r s t  power pulse, and a bubble i s  produced. The f i r s t  bubble 
passes  out of the injector region and into the insulated tube af ter  a t ime 
of f rom 10 to 20 min, depending on the mercury  flowrate. Operation 
proceeds normally thereaf ter .  
In operation of the LMT -20-11 system, the flight-type HV iso la-  
tor  operated automatically and flawlessly in the mode where no standby 
power i s  required.  This  unit employed an  al ternate  reservoi r  design 
(shown in Fig. 8) which was 70% lighter than the commercial  r e se rvo i r .  
It i s  fabricated of titanium and features  welded joints, lightweight input 
and output terminations,and a toroidal construction for a better fit into 
the feed subassembly package. The titanium reservoi r  was filled with 
hydrogen gas to  a p res su re  of 400 psi.  
D. POWER CONDITIONING 
An a l l  solid- s ta te  power conditioning subsystem was constructed 
which contains the electronic circui t ry necessary  to provide appropriate 
power inputs ( from a solar  a r r a y  power source)  for the EM pump and 
the high voltage isolator of the LMT-20-11 feed subassembly. The sub- 
sys tem consists of a solar  panel s imulator ,  a voltage regulator,  a 10 kHz 
converter ,  a power control circuit  for the EM pump, and a power 
con t ro l l e r  f o r  the high voltage i so l a to r .  Each  pa r t  of the subsys t em 
w a s  buil t  a s  a s epa ra t e  module.  A c i rcu i t  d i a g r a m  is given i n  F ig .  20, 
which shows each of the  c i r cu i t s  and the  cab le  connections joining t h e m .  
T h e  so l a r  panel  s imula to r  provides  a n  output voltage of 60 t o  90 V d c  
(dependent on load) to  s imula te  a so l a r  panel  operating i n  space ,  T h e  
voltage regula tor  provides  a 60 V dc  output which is regula ted t o  within 
*2%. F r o m  th i s  signal ,  the conve r t e r  produces  plus and minus  15 V d c  
vol tages  f o r  use  by the  E M  pump power  s y s t e m  and 60 V s q u a r e  wave 
power at 10 kHz fo r  use  by both the E M  pump and high voltage i so l a to r  
s y s t e m s .  
T h e  ul t imate  output of the EM pump power s y s t e m  is a va r i ab l e  
dc  voltage i n  the  range  -0 .  1 V t o  $0. 1 V ;  i t s  magnitude and polar i ty  
a r e  de t e rmined  by the magnitude and polar i ty  of a control  s igna l  which 
can  be  e i the r  a r e f e r e n c e  s ignal  o r  the feedback command input p r o -  
vided by the  l iquid-mercury f lowmeter  developed under th is  con t rac t .  
The  i so l a to r  s y s t e m  provides  15 V pu l ses  of 10 kHz power t o  d r i ve  
the  h e a t e r ,  which i s  located i n  the  i r o n  di f fuser  e lement  of the  
hydrogen-bubble high voltage i so la to r .  T h e  t i m e  between pu l ses  i s  
30 min ,  and the pulse width is var iab le  f r o m  10 s e c  t o  2 . 8  min .  
T h e  apparen t  complexity of the c i r cu i t  shown i n  F ig ,  20 r e f l e c t s  
the  wide ve r s a t i l i t y  des igned into the l abora to ry  supply and does  not 
r e p r e s e n t  a n  actual  complexity f o r  flight-type equipment. T o  i l l u s t r a t e  
the  d i f fe rence ,  two configurations a r e  shown i n  F ig .  21, f o r  the  E M  
pump power conditioning c i rcu i t ,  In the l abora to ry  configuration,  p r o -  
v is ion h a s  been  m a d e  for  continuous t rans i t ion  f r o m  a n  output of 
$0. 1 V t o  -0.  1 V in to  the  E M  pump. T h e  output i s  v i r tual ly  r ipple  
f r e e  being genera ted  by full wave rect i f ica t ion of the  60 kHz s q u a r e  
wave power by t r a n s i s t o r  swi tches  which a r e  operated with two i n  p a r -  
a l l e l  t o  accommodate '  l a r g e  c u r r e n t s  with a conservat ive  des ign,  In 
the f l ight-type des ign,  on the  other  hand,  only two t r a n s i s t o r s  and one 
operat lonal  a.mpllfier a r e  used,  T h e  operatlonal  ampl i f ier  compa re s  
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F i g .  21. E M  p u m p  p o w e r  condi t ion ing  c i r c u i t s .  
the output voltage (proportional to  the cur rent  a c r o s s  the EM pump) 
to a command se t  point, When the cur rent  falls below the value 
required,  the operational amplifier operates a s  a Schmidt t r igger  
c ircui t  to connect a 60 6r dc supply voltage through a 0 , 2  mH choke 
to the EM pump. The cur rent  through the pump r i ses , in  response to 
the supply voltage, to  the value which i s  required to  switch off the 
Schmidt t r igger .  This circuit  i s  not designed for operation with plus 
and minus cur rent  flow, but this capability could easily be implemented 
i f  desirable .  A ripple of about 10% of the full scale  output has  been 
permitted in the flight-type .supply, because high frequency fluctuations 
in pump power (resulting f rom the power supply ripple) do not resul t  
in  any significant fluctuation in  the mercury  flowrate.  This i s  S O  
because of the integrating effect which occurs a t  the LM cathode by 
accumulation of mercury  in the pool-keeping s t ructure.  
SECTION V 
THERMAL ANALYSIS 
Detailed t h e r m a l  analysis i s  required to establish accura te  
quantitative c r i t e r l a  for  the design of a lightweight thermal ly  Integrated 
LAM cathode th rus t e r .  The f l r s t  detailed a r~a lys i s  of an e lectron b c ~ m -  
bardment t h rus t e r  was undertaken a t  HRL under Contract JPL 952129 ,  
In arhlch a thermal  simulation of the ion-extraction sys t em was carriec! 
out. Because of the l imitations of that p rog ram,  the sirnulat lon did llor 
lnchude the discharge chamber .  
A complete t he rma l  simulation of the thermal ly  integrated LM 
cathode th rus t e r  has  been undertaken a s  pa r t  of the presen t  effor t ,  
This work involved the folkowing tasks :  ( 1 )  c a r r y  out a detailed the rma l  
simulation of the discharge chamber  of a thermal ly  integrated LM 
cathode t h r u s t e r ,  (2 )  combine the simulations of the discharge cham-  
ber  and lon-extraction sys t em,  ( 3 )  compare the predictions of the 
t he rma l  simulatlcvn with t empera tu re s  measured  experimentally mcitl-1 
the 1,MT-30-1 th rus t e r  to  improve the accuracy of t he rma l  simii1ar1-11, 
(4) use  the proven simulation to  analyze the t he rma l  characteristics 
and Improve the design of the LMT-20-11 th rus t e r ,  and ( 5 )  cor re la te  
the calculated the rma l  data with tempera tures  measured  experimentallly 
wlth the LMT-20-11 th rus t e r  in o r d e r  to  evaluate the t he rma l  design,  
Computer p rog ram TAS- lB,  which was employed to  thermal ly  
simulate the discharge chamber ,  i s  a digital computer p rog ram whlch 
sclves  for  the s teady-sta te  tempera ture  distr ibution i n  a lumped 
pa rame te r  network of t empera tu re  points (nodes) and heat flow paths 
( r e s i s t o r s ) .  The inputs to TAS- 1B which a r e  requi red  to  model a de - 
vlce a r e  the heat  l o s se s ,  nodal a r e a s ,  radiant emissivi t ies  , radiation 
view fac to r s ,  and the rma l  conductances. The heat  Inputs a r e  de te r  - 
mlned f c r  the mos t  par t  f rom physical considerations whlch a r e  based 
on an extension of a theory of discharge mechanisms whlch was 
developed at  H R L . ~  General relationships have been determined to 
facilitate calculation of the remaining quantities for a discharge cham - 
ber  model comprising 28  nodes. 
The geometrical configuration of nodes which i s  utilized to  
describe the thermal  charac ter i s t ics  of the LM cathode thrus ter  must  
be sufficiently s imi lar  to the actual thrus ter  design to  provide an ac-  
curate  simulation, yet simple enough to provide a tractable theoretical 
problem. F igure  22 i l lustrates  the system of nodes which i s  used  to  
model the thermal  propert ies  of the thrus ter  geometry i l lustrated in 
F ig ,  10. Nodes 1 to 28 represent  the discharge chamber and i t s  
ground-screen shroud, nodes 29 to  49 represent  the ion-extraction 
system studied previously under Contract JPL 952129, and nodes 50 
to 52 simulate the thrus ter  environment. The problem i s  made m o r e  
readily t ractable  by e m p l o y i ~ g  a number of assumptions. In modeling 
the discharge chamber i t  i s  assumed that the cathode-cup pole piece 
and propellant distributor baffle can be neglected in  the configuration 
of nodes. Thei r  influence can be taken into account by the appropriate  
calculated heat inputs to be discussed l a t e r ,  The anode connector i s  
assumed to have the same outer diameter  a s  the body of the thrus ter  
and to conduct a small  quantity of heat to the body. The associated 
thermal  conductance i s  assumed to be equal to  that calculated for  the 
thin stainless steel wall through which the anode connector studs pass .  
This assumption i s  based on the supposition that the stainless s tee l  
wall i s  in good thermal  contact, through radiation t r ans fe r ,  with the 
front section of the anode and anode connector. It i s  also assumed that 
the ground sc reen  has a fractional open a r e a  of f s ,  and that it l i es  ve ry  
close to the thrus ter  body. The influence of multiple heat shields ( e .  g. , 
between the thrus ter  walls and the anode) i s  taken into account through 
calculated effective emissivity t t e  given by 
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LATERAL THRUSTER ENVIRONMENT ( 2 0 ° C  ) 
E'lg. 2 2 .  Coni igu ra t ion  of nodes  u s e d  to  s i m u l a t e  the  t h e r m a l  c h a r a c -  
t e r i s t i c s  of a n  L M  ca thode  t h r u s t e r .  T h e  n u m b e r i n g  of n o d e s  
i s  ~ n d i c a t e d  i n  the  uppe r  half  of t h e  s c h e m a t i c .  
where I S  the actual emlssivi ty  of one of the heat shield sur faces  (a l l  
involved sur faces  a r e  assumed to  have the s ame  emlsslvl ty)  and n 1s 
the number of heat  shields .  
The method of modellng the ion-extract lcn system was described 
In Ref, 10, Under Contract  JPL 952129 the e x t r a c t ~ o n  sys tem was 
dlvlded Into t h ree  concentric r ings ,  a s  shown In Fig, 2 3 ,  There  I S  no 
the rma l  conduction between s c r e e n  and accel  e lec t rodes ,  and only 
dlrectly opposed r ings  a r e  assumed to be coupled by radlation, The 
adjacent r ings of any one electrode a r e  coupled by conductlcn, Asso -  
clated w ~ t h  each of the t h ree  rlngs a r e  seven n ~ d e s ,  a s  i l lus t ra ted In 
Fig, 2 3 ,  
The th rus t e r  envlronment has  been simulated In a manner  which 
wlll allow the investigation of a number of posslb!e sltctatlons Nc,cic 50 
r ep re sen t s  the space envlronment,  whlch has  a flxed tempera ture  and 
an ernissivlty of one. Node 51 a l so  r ep re sen t s  the space envlronment 
when the l a t e r a l  sur faces  of the  t h rus t e r  a r e  exposed to  space ,  but ~t 
can slmulate the  envlronment of a densely packed th rus t e r  a r r a y  when 
i t s  ernisslvity i s  s e t  a t  ze ro .  Node 52 can be made to represen t  an  
adiabatic wall when i t s  emissivi ty  i s  s e t  a t  z e r o ,  o r  i t  can absorb  
radlation when a nonzero emlssivi ty  i s  used.  
Calculation of the nodal a r e a s ,  thermal  conductances, and vlew 
fac tors  for  radlatlon t r ans fe r  between each node and all  other nodes i s  
tedlous but s t ra lghtforward.  The procedure 1s Il lustrated In Ref,  10.  
General. r e l a t i ~ n s h i p s  for  the var ious  quantities have been der lved and 
a srnall  ccmputer  p rog ram has  been wri t ten which 1s empluyed to ca l -  
culate values f o r  any given di-mensions and the rma l  conductlvitnes, 
These quantl t les,  alcng wlth the emiss iv i t i es ,  heat  inputs,  and t empera  - 
tu-ses of fixed tempera ture  nodes,  constitute the inputs fur  computer 
p rog ram TAS- 13. 
Fig.  23.  Configuration of nodes u sed  to s imula te  the t h e r m a l  cha r ac -  
t e r i s t i c s  of the ion-extract ion s y s t e m .  
A, DISCHARGE CHAMBER HEAT DISTRIBUTION 
A physical theory which postulates a discharge mechanism for 
the electron-bombardment thrus ter  has  been developed at  H R L ~  for  
determining the l imi ts  of power efficiency of these thrus ters .  In the 
following discussion, an analysis i s  presented in which these physical 
considerations a r e  employed and extended to determine the distribution 
of heat  inputs to an LM cathode th rus t e r  ar is ing f rom discharge chamber 
lo s ses .  
The following conditions a r e  assumed to apply to the LM cathode 
thrus ter ,  
e The plasma i s  uniformly distributed within the discharge 
chamber.  
cr The plasma electrons in the discharge chamber possess  a 
Maxwellian energy distribution with a temperature T 
constant throughout the chamber.  P 
The plasma potential in the discharge chamber i s  uniform 
a t  a value AV above the anode potential V A ,  except for  A positive potentlal b a r r i e r s  and sheaths near  walls,  
e The ion-extraction sc reen  i s  at  cathode potential and p e r -  
mi t s  passage of a fraction a of the arr iving ions,  The 
remaining fraction (1 - a ) i s  neutralized upon impact ,  and 
r een te r s  the discharge traveling in  the ups t ream direction. 
e The endplate of the discharge chamber i s  held a t  cathode 
potential and a l l  impacting ions recombine and come off 
a s  neutrals ,  
e Ions a r e  prevented f r o m  reaching the anode, This assump-  
tion i s  based on the p lasma probe measurements  (by 
Eckhardt,  e t  a l .  with an LM cathode thrus ter  and by 
--
Knauer , et al. , l'l with both hollow- and oxide -cathode 
-- 
t h r u s t e r s )  which indicate the existence of a smal l  positive 
potential ridge near  the anode. This ridge prevents the 
impingement of ions originating a t  the center of the d i s -  
charge chamber.  
F o r  the LM cathode, the following specific assumptions a r e  made.  
A uniform p lasma exis ts  within the cathode-cup pole piece 
which h a s  a potential VC relative to the cathode and a 
Maxwellian e lectron energy distribution of t empera ture  TC.  
e Energy i s  delivered to the cathode-cup p lasma by electrons 
which acce le ra te  f rom the cathode into th i s  p lasma.  This  
energy goes into ( I )  re leasing electrons f r o m  the liquid 
m e r c u r y  sur face ,  ( 2 )  heating of the cathode, (3 )  thermal  
energy of p r i m a r y  electrons which leave the cathode cup, 
and (4)  heating of the cathode cup. 
Employing these assumptions,  the minimum total source energy 
per  beam ion V 
s l m i n  for  an  e lectron-bombardment  t h rus t e r  h a s  been 
- 
shownY to  be  equal to  
The t e r m s  introduced in  this equation a r e  defined below: 
quantity 
min imum number  of energy consumption pe r  
p r i m a r y  electrons - 
- 
ionization P = ionization maximum energy avail - 
able f r o m  p r i m a r y  
electron 
where Vi i s  the propellant ionization potential (for m e r c u r y  Vi  = 10. 4 V), 
v i s  the lonizatlon frequency averaged over  the e lectron energy d i s t r i -  
1 
butlon, v i s  the averaged excitation frequency due to collisions of 
n 
atomic energy level n ,  V i s  the potential energy cf level n ,  and k i s  
n 
the Boltzmann constant. The quantity q i s  the m a s s  utilization effi- 
m 
ciency and 
number of ionizations - 6 = - - 
atom 
whert .? 1s the t ransparency of the ion extraction system. 
In pract ice,  the measured value of source energy per  ion VS 
w ~ l l  exceed the minlmurn value t o  scrne extent a s  a resul t  of Pess-than- 
cptlmum ccrntalnrnent of pr imary  electrons.  Incomplete ccntainment 
causes the average primary electron to arrive at the ancde with an  
extra  energy AE above the minlmum posslble average energy of 3 / 2  kT P ' 
T h e  rhc-ury cap bc modified to llaclirdc tilcse additional losses  by 
subtracting AE f rom the denominator in  the expression for  p and in-  
cluding i t  in the calculation of the t e r m  l / v  ;5: eVn v n  appearing in  the 
1 
numerator .  Thus for an LM cathode thrus ter  which has not yet been 
optimized to the fullest extent, a new value P '  can be written a s  
eVl t eAVA + k~ + 1 
P - (AE) % eVn Tn (AE) 
p ' f  -- - ' i  v 
3 
e(V, - V 1 t k T C  C kT - A E  - - Z  p 
Fcr  an experimentally measured  value of the  source energy pe r  
Ion VS " ( 2 "  l )  can be modlfied a s  follows: 
Equatlun (2) 1s then used to evaluate the quantity p s ,  f rom which the 
i j a l u e  cf the quantity AE clan be de ter rnned,  
The distribution of heat inputs to the body of an L M  cathode 
thrus ter  can be evaluated in t e r m s  of the quantities defined above, The 
heat p e r  beam ion which i s  lost  to the cathode i s  given by 
where V K , th i s  the specific thermal  loading of the cathode (see  Sec- 
tion IV-B). The relationship for the heat per  beam ion which i s  lost to 
the cathode cup i s  
where VC represents  the total kinetic energy acquired by the electrons 
which accelerate  f rom the cathode surface into the cathode -cup p lasma,  
Of the three  subtracted quantities, 312  k ~ ~ / e  represents  the average 
thermal  energy ca r r i ed  away by electrons leaving the plasma of the 
cathode cup, V ~ ,  th represents  the heating of the cathode itself ,  and 
$K i s  the work function potential which i s  required to l iberate  each 
electron f rom the liquid-mercury surface.  Of the total kinetic energy, 
only the amount which remains afi;er the three  subtractions resul ts  i n  
heating of the cathode cup, 
Pons which reach thrus ter  surfaces which a r e  at  cathode poten- 
t ial  gain kinetic energy in falling through the potential drop. The heat  
per  beam ion EW which i s  lost  to these walls i s  equal to the sum of the 
incident kinetic energy plus the difference between the energy of r e  - 
combination Vi and the work function potential pK required to extract  
an electron f rom these surfaces.  
The heat pe r  beam ion E which i s  ca r r i ed  to the anode by collected A 
electrons i s  given by 
The energy per  beam ion E which goes into excitation processes  i s  
v 
given by the relationship 
where 
(For  the present  analysls an approximate value E '  = 10 eV i s  used. ) 
v 
The inputs l is ted above represent  thermal  losses  which a r e  
incurred in  the process  of generating the ion beam. The discharge 
power supply also provides the creation energy Ei for each ion enter -  
lng the beam, This can be experessed a s  the potential energy of the 
.L 
ion relative to the potential of the anode electrodeV 
The sum of all  the energy expenditures pe r  beam ion which a r e  l is ted 
above can be shown to be equal to the total source  energy pe r  beam ion 
vs  " 
----- -- 
"L. 
F u r  consistency in this analysis ,  the potential energy of both the beam 
~ o r i  and i t s  associated secondary electron (generated a s  the other  pa r t  
of the ron pa l r l  have been referenced to the Ferrni level of the bound 
eiectrons withln the anode material. 
B: THERMAL ANALYSIS O F  LMT -30-1 
F r o m  experimentally measu red  operating p a r a m e t e r s ,  the hea t  
l o s se s  to an LM ca-thode th rus t e r  can now be determined. Using these  
a s  ~ n p u t s  to computer p r o g r a m  TAS- l B ,  the tempera ture  distr ibution 
for the LMT-30-1 thrus te r  is  calculated below and compared with the 
measured  distrlbutlon to  demonstrate  the efficacy of the analytical 
model. 
Typical operating conditions for  the LMT -30 -1 t h rus t e r  a r e :  
Beam cu r ren t  IB = 1.09 A 
Mercu ry  flowrate equivalent I 
Hg 
= 1.32 A 
Discharge cu r r en t  IK = 7 A  
Discharge voltage V~ = 45 V 
Source energy pe r  ion vs = 289 e ~ / i o n  
Mass  utilization efficiency q m  = 82. 5% 
Special t he rma l  loadg V ~ ,  th = 4 W / A ,  
Values for  the e lectron t empera tu re s  and floating potentials of the d i s -  
charge p lasma a r e  obtained f r o m  the resu l t s  of Knauer .  et  a l .  Al- 
-- 
though these data were  generated with a hollow-cathode th rus t e r ,  i t  i s  
expected that they a r e  m o r e  representat ive of the values to be found i n  
the presen t  LM cathode th rus t e r s  than a r e  the existing data which were  
measu red  with an LM cathode th rus t e r3  p r io r  to optimization of that  
t h rus t e r  under the cu r r en t  contract .  F r o m  the operating conditions 
l is ted above, values of the distribution of heat inputs to the LMT-30-1 
th rus t e r  a r e  calculated a s  follows ( r e f e r  to Fig.  22). 
.$ 
The speclflc thermal  load for  the LM cathode VK, th i s  t rea ted  a s  a 
constant In the presen t  calculations. F o r  m o r e  prec lse  r e su l t s  the 
dependent e on tempera ture  should be  Included and a self consistent 
soiutlon mus t  be found, The tempera ture  dependence of the speclfic 
t he rma l  Loading CVK, th ( T ~  i7 f o r  LM cathode K - 5 1  1s given In Fig.  13,  Sectlon IV -B. J 
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e Power to cathode, 
(input to node 5) 
e Power to cathode cup, PC = E C I B  = 21.2 W 
(half i s  assumed to be radiated to node 10 and the r e -  
maining half i s  radiated uniformly to a11 other nodes 
which a r e  inside the discharge chamber)  
e Power to cathode-potential walls, PW = E I = 51. 1 W W B  
(deposited uniformly i n  nodes 9 ,  10, 35, 42, and 49) 
e Power to anode, PA = EAIB = 187 W 
(6770 of PA i s  delivered to the front third of the anode, 
with the remainder  distributed uniformly over the r e s t  
of the anode surface)* 
e Power  going into excitations, P, = E  I = 2 1 W  
v B 
(subsequently distributed uniformly a s  heat t o  all 
nodes which a r e  inside the discharge chamber)  
In addition, the following heat losses  a r e  included which a r e  
generated outside the discharge chamber: 
t~ Power to  the accel electrode, PAC = 12 .8  W 
(delivered to nodes 41 and 48) 
a, Power dissipated in the magnets, PM = 12 W 
(half goes into nodes 1,  2, and 3 and half into nodes 
21, 23, 25 ,  and 51) 
The values of the radiation emissivit ies a r e  representative of 
the surfaces of the various mater ia l s  employed in fabricating the 
thrus ter .  I' Multiple heat shields a r e  included in  this analysis by the 
effective emi ssivity c 
e "  
The emissivi t ies ,  heat inputs, and resultant tempera ture  profile 
f ~ r  the LMT-30-1 thrus ter  a r e  i l lustrated in Fig.  24. These resu l t s  
agree with a measured  temperature profile which indicated that a l l  
external. th rus ter  surfaces operated at l e s s  than 200°C, except for  the 
-- ---- 
z.. 
The total power to the anode was distributed in the manner which 
resulted In best agreement with experimental temperature measurements ,  
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LATERAL THRUSTER ENVIRONMENT ( 2 0 ° C )  H R L  038-IORI 
c - 0 . 2  c=t.O 
HEAT SHIELDING 
10.9 W(202OC) 
23.3 W ( 373 OC) 
10.9 W (195OC) 
36.1 W ( 3 3 6  OC) 
21.6W(335OC) , I 51.9W (33S0C) 
Fig .  24. T h e r m a l  model  of the LMT-  30-1 t h r u s t e r  operat ing a t  a  beam 
c u r r en t  Ig : 1. 09 A .  The  emi s s iv i t i e s  and t e m p e r a t u r e s  of 
fisc3d t empe ra tu r e  walls  a r e  noted in the upper half of the 
s chema t i c .  The heat  inputs and resu l tan t  t e m p e r a t u r e  d i s -  
t r ibut ion a r e  indicated in the lower  por t ion of the d i ag ram.  
external anode connector which reached a temperature of 281°C, The 
thin stainless s teel  anode extension achieved a uniform tempera ture  
which was within 2 ' ~  of the downstream section of the anode. The good 
agreement  between the experimental and analytical resul ts  with the 
LMT-30-1 th rus t e r  indicates the usefulness of the analytical approach 
for thermal  design of LM cathode th rus t e r s  i n  general.  
C .  THERMAL DESIGN O F  LMT-20-11 
Having been proven by experimental comparison with the LMT- 
30-1 th rus t e r ,  the technique for  thermal  analysis was employed i n  the 
design and analysis of the LMT-20-11 thrus ter  in  an effort to predeter -  
mine i t s  thermal  operating charac ter i s t ics .  In addition to the study of 
the character is t ics  of a single thrus ter  which radiates to space,  empha- 
s i s  has  also been focused on the effect of assembling groups of th rus t e r s  
in clustered a r r a y s .  
For these analyses,  the operating conditions of the LMT-20-11 
th rus t e r  a r e  taken to be: 
e B e a m c u r r e n t  I B = 1 A  
Mercury flowrate equivalent I 
H g 
= 1. 18 A 
ce Discharge cur rent  
=K = 7 A  
e Discharge voltage V~ = 40 V 
C) S o u r c e e n e r g y p e r i o n  
vs 
= 280 ev / ion  
o Mass utilization efficiency q m  = 857'0 
Specific thermal  load V ~ ,  th = 4 W/A 
As fur ther  input to the analysis ,  the outer surfaces of the LMT-20-11 
th rus t e r  body a r e  taken to be covered with high emissivity ( c  = 0, 85)  
paint, and the values of the remaining emissivit ies a r e  representat ive 
of the various mater ials  employed in fabrication of the thrus ter .  12 
The emissivity of the upstream side of the th rus t e r  was set  to ze ro  (a 
perfect ref lector)  in order  to represent  thermal  isolation of the feed 
system mounted adjacent to  that surface.  The analysis was based on 
the assumption of effective isolation of anode heat f rom the thrus ter  
shell  by use of the 11 heat shields (consisting of 6061 aluminum foil), 
which cover both the inside surface of the thrus ter  endplate and the 
upstream two-thirds of the anode. 
The emis  sivities , heat inputs, temperatures  of fixed-temperature 
walls,  and resultant temperature profile a r e  i l lustrated in  Fig.  25  f o r  a 
single thrus ter  radiating to  space. F o r  this case  the cathode attains a 
temperature of 121°C. This temperature i s  well within acceptable 
l imits  of operation of a single thruster  and indicates a sufficiently 
hlgh level of heat shield effectiveness to permi t  operation of multiple 
th rus t e r s  in clustered a r r a y s  with acceptable values of cathode t em-  
pera ture ,  (The charac ter i s t ics  of cluttered a r r a y s  a r e  discussed in 
Section V - D ) ,  
D. ANALYSIS OF THERMAL CHARACTERISTICS 
1,  External Anode Connector 
Until long-term effe ctivene s s of multiple heat shielding has been 
demonstrated experimentally, a thrus ter  configuration which employs an 
outer anode connector represents  a conservative design approach, F o r  
moderately effective heat shielding, this configuration resul ts  in the 
lowest cathode tempera ture ,  and in all  cases  resul ts  in the lowest 
Internal thrus ter  tempera tures .  Fur thermore ,  when an outer anode 
connector i s  employed, the cathode temperature i s  seen to be l e s s  
sensltlve to variation o r  deterioration in  the effectiveness of multiple 
heat shielding. 
If no outer anode connector i s  employed, analysis indicates that 
the Interlor of the dlscharge chamber attalns a relatively high temper-  
a ture  r600° to 7 5 0 ~ ~ )  and the dlscharge heat 1s dlsslpated by radiation 
through the a-pertures of the ion-extraction sys tem rather  than f rom an  
Fig.  25. The rma l  model of the LMT-20-11 th rus t e r  operating a t  a  
beam cu r ren t  IB = 1 A .  The emiss iv i t i es  and t empera tu re s  
of the  f ixed-temperature  walls a r e  noted in the upper half of 
the schematic .  The heat inputs and resul tant  t empera tu re  
distr ibution a r e  indicated i n  the lower portion of the d iagram.  
external anode connector. Table V compares the cathode tempera ture  
calculated both with and without an anode connector for  two values of 
the effective emis sivity 
e 9  which i s  associated with multiple heat 
shields placed between the anode and the thrus ter  shell .  F o r  the lower 
value of ( a  higher degree of insulation), the cathode tempera ture  i s  
' e 
lower for the geometry which does not employ an outer connector. 
TABLE V 
Effect of the Outer Anode Connector on Cathode Temperature 
T a s  a Function of the Effective Emissivity c K 
Effective Emi  s sivity c 
Cathode Temperature TK 
(With Outer Anode 
Connector) 
Cathode Temperature TK 
(Without Outer Anode 
Connector) 
The design value of the effective emissivity for the LMT-20-11 
thrus ter  was calculated to  be = 0 .  006 by the assumptions that the 
surface of the heat shields retained the character is t ic  of clean aluminum 
< 
AL = 0 ,  1 and that conductive and convective heat t ransfer  could be 
neglected, If this level of thermal  isolation had actually been obtained, 
the outer anode connector would have ceased to serve  a useful purpose 
and the cathode temperature would actually be increased by conduction' 
o r  radiation f rom the outer connector to the thrus ter  shell. The lower 
value E = 0 . 0 6  would correspond to the case  that either heat t r ans fe r  
e 
between adjacent heat shields did occur ,  o r  that the individual aluminum 
heat shields had lost  the i r  character is t ic  emissivity and approached a 
g r a y  ccndltlon wl th  t = 0. 5. If the low ~ r a l ~ e s  of the effective ernlssivity 
cannot be maintained, the usefulness of the outer connector i s  apparent 
f rom the relative values of cathode temperatures  which correspond to 
the hlgher value of effective emissivity.  The actual experimental resu l t s  
represent  a st i l l  worse  case  (corresponding to  a value 0. 5)  i n  which 
e 
the alumlnum heat shields conduct i ree ly  to one another and that s imul-  
taneously the Innermost shield (the stainless s teel  anode extension i tself)  
has  an emissivity of -^ 0 - 5 .  
e 
There  i s  l i t t le doubt that techniques can be developed for m o r e  
effective installation of heat shielding in the LM cathode th rus t e r ,  The 
associated Increase  in the degree of thermal  isolation between the anode 
and the th rus t e r  shell will resul t  directly in a decrease  of cathode t em-  
perature and above a cer tain level wlll provide the basis  for a s t l l l  more  
efflclent design of an LM cathode thrus ter  without an extended anode con- 
nector ,  
2 Clustered Arrays  
The thermal  charac ter i s t ics  of the design configuration of the 
LMT -2  0 -11 sys tem (employing an outer anode connector and multiple 
heat shielding with an effective emissivity G = 0. 006) have been 
e 
analyzed to  study the effects of combining many th rus t e r s  i n  a c lustered 
planar a r r a y  o r  in an infinite l inear  a r r ay .  To the clustered planar a r -  
ray each th rus t e r  was assumed to be surrounded on a l l  s ides  by a la rge  
number of identical t h rus t e r s ,  so  that heat could be radiated only in the 
dlrectlon of the ion beam. The situation was analyzed by setting the 
ernlssivlty of the la te ra l  boundary of the th rus t e r  environment equal to 
zero  ( a  reflecting boundary),  in o rde r  to simulate the case  of a cent ra l  
th rus ter  surrounded by a se t  of identical t h rus t e r s  which a r e  separated 
by twice the distance of the reflecting boundary. The radius of this  
raterat boundary was varied between 1. 5 and 3 t imes  the thrus ter  radius 
R 111 orde r  to va ry  the -<lew factor between the th rus t e r  slde walls and 
the space environment, Flgure 26 i l lustrates  how the cathode t empera -  
ture  depends on the ratlo of center-to-center separation to th rus t e r  
HRL 1 2 6 - 2 R 2  
2.03 2.6 
RATIO OF THE CENTER -TO-CENTER SEPARATION TO 
THRUSTER DIAMETER, D / D T  
k ' i g .  26 .  r > c p c ~ n d ~ ~ n c e  of ca thode  t e m p e r a t u r e  T K  on s p a c i n g  be tween  
thrtlstcl-s i n  a n  inf ini te  a r r a y .  
diameter  D / D ~ .  At a beam current  of 1 A, a self consistent solution 
for operation of the LMT-20-11 thrus ter  with LM cathode K-51 (i. e.  , 
v ~ ,  th = 4 W/A at TK = 1 5 5 O ~ )  i s  achieved at  a value D / D ~  = 2.6 .  
Closer  spacings can be accommodated by use  of an alternative LM 
cathode which exhibits a lower value of specific thermal  loading a t  
higher temperature.  The specific thermal  loading of EM cathode 
K-25-V, for example, reaches the value of specific thermal  loading 
assumed for this analysis a t  a cathode body temperature T = 2 0 5 ~ ~ .  K 
With this  cathode, the required separation between thrus ter  centers  i s  
reduced to 2. 03 t imes  the thrus ter  diameter .  F o r  sti l l  c loser  spacings,  
additional means for heat dissipation a r e  required. This can be provided 
by allowing heat conduction between the thrus ter  and the spacecraf t ,  o r  
by using an additional radiator which can be connected to  the th rus t e r  
cathode by a heat pipe o r  other means.  F o r  the present  configuration, 
no such mechanisms for  heat t r ans fe r  a r e  included. 
An infinite l inear  a r r a y  of identical thrus ters  was analyzed for  
the case in  which the th rus t e r s  a r e  placed in contact with one another.  
To simulate this  configuration without introducing the complexity of 
azimuthal asymmetry ,  a model i s  used in which the la te ra l  environ- 
ment of an individual thrus ter  i s  made to be uniform with an emis  sivity 
which i s  the average of the emissivi t ies  appropriate for  a th rus t e r  in  a 
l inear  a r r a y ,  An average emissivity of 0.67 i s  obtained by using the 
simplifying approximation that each incremental a r e a  on the l a t e ra l  
thrus ter  surface radiates only in the radial  direction. In this  c a s e ,  
two-thirds of the la te ra l  thrus ter  sur face  radiates to space,  which has  
unlty emissivi ty ,  and one-third of the surface radiates  to an identical 
operating thrus ter  which can be represented by a surface with an e m i s -  
sivity of zero .  F o r  these pa ramete r s ,  the computer -simulated the rma l  
0 
model predicts a cathode tempera ture  of 164 C.  This i s  within the 
desirable  operating temperature range of the LM cathode th rus t e r ,  and 
thus the feasibility of operation in  a close -packed l inear  a r r a y  i s  
established, 

at the design impulse Isp,  eff  = 4,040 sec .  Operation 
has  also been demonstrated with an over-all, efficiency 
q T = 60% at isp, eff = 2710 sec.  
3 .  A prototype model of a liquid mercury  flowmeter has  
been tested which shows promise  of a measurement  
accuracy of f 170~ The flowmeter operates  with a 
power expenditure of 1 W,  
4. An electromagnetic pump using molybdenum electrodes 
has  been operated for  over 800 hours at a p r e s s u r e  
r i s e  of 0.6 a t m  with a power expenditure of 2 W, 
5. A high voltage isolator  has  been developed and h a s  
been operated reliably and repeatedly for  over 500 hours ,  
The average power expenditure i s  0.7 W when operated 
in  the pulsed-only heating mode. 
6 .  An ai l  solid-state power conditioner subsystem has  been 
completed which contains the electronic circui t ry neces-  
s a r y  to provide appropriate power inputs ( f rom a solar  
a r r a y  power source)  for  the EM pump and the high volt- 
age isolator of the LMT-20-11 feed system. 
7 .  The thermal  profile of the LMT-30-1 thrus ter  was ca l -  
culated by analytical techniques and shown to ag ree  with 
the experimentally measured  profile. This correspond- 
ence confirms the validity of the analytical approach. 
8.  A program of thermal  analysis has  been completed in 
which the thermal  propert ies  of the LMT-20-U th rus t e r  
were  determined using the same analytic techniques 
that were  verified experimentally ~ 5 t h  the LMT-30-1 
thrus ter .  The analysis indicates that when effective 
heat  shielding i s  employed between the anode extension 
and the thruster  shel l ,  the tempera ture  of the LMT-20-11 
th rus t e r  will remain within acceptable l imi ts  when 
operated within the design cur rent  range. No constraint 
i s  imposed by arranging groups of thrus ters  in  a closely 
packed linear a r r a y .  Groups of th rus t e r s  operated i n  
inflnite planar c lus te rs  will achieve satisfactory thermal  
balance by selfradiation alone, so long a s  the separat ion 
between thrus ters  i s  equal to at least  twice the th rus t e r  
diameter ,  
SECTION VII 
RECOMMENDATIONS AND FUTURE PLANS 
It i s  apparent f r o m  the rma l  analysis  that  significant 
reduction of cathode t empera tu re  can be achieved by 
u s e  of even moderate ly  effective heat  shielding between 
the anode and th rus t e r  shell .  This  reduction should be 
demons t ra ted  experimentally to  exhibit the capability 
fo r  sys tem operation in  c lus te red  a r r a y s  and to  examine 
the feasibil i ty of an even m o r e  efficient t h e r m a l  design 
which does not employ an external  anode connector.  
2. More  extensive and exhaustive optimization of discharge 
chamber  per formance  should be c a r r i e d  out. Because 
of the l imited opportunity under the subject  contract  for  
changes in the d i scharge  -chamber  configuration of the 
LMT-20-11 s y s t e m ,  s izable  reductions i n  sou rce  energy 
p e r  ion can be expected.  While such reductions a r e  of 
benefit in the i r  own r ight ,  the d e c r e a s e  i n  d i scharge  
chamber  l o s s e s  will extend the t he rma l  range for  
operat ion of the LMT-20-11 sys tem.  
3 .  The LMT-20-11 sys tem should be extended to  include a 
flight -type LM cathode d i scharge  igni ter  and LM cathode 
neutra l ize  1. t o  pe rmi t  meaningful evaluation of a complete 
t h rus t e r  s y s t e m  with r e spec t  t o  other  t h r u s t e r  types .  
4. While a basic  capability fo r  thrott l ing over  a 2 :  1 range 
in bean1 cu r r en t  has  been demonstra ted by the da ta  of 
Fig .  4,  the s epa ra t e  per formance  da ta  cu rves  were  
individually optimized by means  of smal l  var ia t ions  in  
nlagnetic field intensity and baffle position. A t rue  
thrott l ing cha rac t e r i s t i c  (such a s  the thrott l ing data  for 
the LMT-20-1 t h rus t e r  presented in  F ig .  6 of Ref.  1 )  
should hold fixed the baffle position if not a l so  the magnetic 
f ield intensity. Under these  conditions, thrott l ing charac  - 
t e r i s t i c s  s i m i l a r  to those demonstra ted for the LMT-20-1 
t h r u s t e r  a r e  anticipated for  the LMT-20-11 sys t em.  
5. Irnplcmentation of a var iable  magnetic baffle configura- 
t ion13 i s  recommended for  extending the thrott l ing l im i t s  
of the LMT -20 -11 sys t em,  while maintaining optimum 
per formance  throughout these  l im i t s .  
6. Development of f l ight-type supplemental  power  - 
conditioning c i r c u i t r y  fo r  the LMT-20-11 s y s t e m  i s  
recommended  a s  a pre lude t o  mesh ing  the  supple-  
menta l  c i r cu i t r y  with the power -conditioning c i r cu i t r y  
u sed  in common with the J P L  SEPST 111 s y s t e m .  
7 .  An L M  cathode should be developed which combines  
the  b e s t  f e a t u r e s  of LM cathode K-25-V (low V K ,  at 
high opera t ing  t e m p e r a t u r e )  with the flight -type 
des ign of LM cathode K - 54. 
8 .  Development of s m a l l  ( 5  c m  anode d i a m e t e r )  L M  
cathode t h r u s t e r s  would demons t r a t e  a unique capii- 
bility of the L M  cathode t h r u s t e r  s y s t e m  f o r  efficient 
opera t ion  in  the low c u r r e n t  range ,  because  the L M  
cathode needs  no vapo r i ze r  o r  cathode h e a t e r  f o r  i t s  
opera t ion .  In t h i s  range  of t h r u s t e r  s i z e ,  the auxi l iary  
hea t e r  power r e p r e s e n t s  a m a j o r  f rac t ion  of the  to ta l  
power consumption.  
9 .  The L M  cathode t h r u s t e r  should be equipped with d i -  
e l e c t r i c  coated g r i d s  if they continue t o  show p romise  
fo r  u s e  i n  ion propuls ion s y s t e m s .  Th i s  convers ion i s  
expected to r e s u l t  in  m o r e  efficient d i s cha rge  chambe r  
pe r fo rmance  a t  v e r y  low values  of speci f ic  ilmpulse. 
SECTION VIII 
NEW TECHNOLOGY 
A. FIRST QUARTER 
During the f i r s t  quar te r  of the cur rent  phase of this contract ,  an 
invention which i s  believed to be patentable was reduced to pract ice,  Ac- 
cordingly, the following patent disclosure was submitted to the Patent  
Department of the Hughes Aircraf t  Company. 
P D  69419, Sensitive Liquid-Metal Flow Meter ,  by JuliusHyman, J r .  
The principles upon which this  invention i s  based a r e  reported to 
NASA on pp. 21 - 2 3  of the F i r s t  Quarterly Report,  15 May 1968, covering 
Phase  I s f  this contract.  Fur ther  details concerning the operation of this 
device a r e  contained on pp. 3 5-37 and in  the Appendix of Quarterly 
P r o g r e s s  Report No. 1, 15 October 1969, covering Phase  I1 of this 
contract.  
B. SECOND QUARTER 
No reportable i tems s f  new technology were  identified during the 
second quar te r  of the subject effort. 
C, THIRD QUARTER 
No reportable i tems of new technology were  identified during the 
third quar te r  of the subject effort. 
D, FOURTH QUARTER 
N o  reportable Items of new technelogy were Identified during the 
fourth quar te r  s f  the subject effort. 
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